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Abstract 
Uni-dimensional high performance liquid chromatography (HPLC) is a well 
established and frequently used technique that has been widely applied to the 
analysis of real world samples in various fields. However, in some cases uni-
dimensional HPLC separation methods cannot provide sufficient resolving power 
for the separation of target components in complex matrices. As a result there 
has been recent interest in the development of multi-dimensional HPLC 
separations for the analysis of complex biological matrices. This thesis presents 
for the first time a comprehensive two-dimensional HPLC protocol for the 
analysis of complex biological matrices.  
This thesis encompasses investigation of selective stationary phases for the 
separation of roasted coffee beans and opiate samples from drug processing 
streams, and their analysis using two-dimensional HPLC with a combination of 
UV-Absorbance, 2,2-diphenyl-1-picrylhydrazyl (DPPH˙) and 2,2’-azinobis-(3-ethyl-
benzothiazoline-6-sulfonicacid) (ABTS˙+) assay, chemiluminescence and mass 
spectrometry detection. Peak-picking software has been developed for the 
detection of resolved compounds, with the number of peaks resolved using this 
system an order of magnitude higher than that achieved under uni-dimensional 
chromatography. This detection system allows for the unique selectivity of the 
detection methodology to be fully exploited.  
Following the investigation of the selectivity of various stationary phases for the 
analysis of roasted coffee beans it was determined that a cyano phase in 
combination with a C18 phase showed the greatest overall selectivity differences. 
The gradient was an aqueous-methanol system that ran from 0 to 100% 
methanol at a rate of 10% per min in both dimensions.  With this system 138 
peaks were observed using UV absorbance and 21 of these compounds were 
identified using mass spectrometric detection.  
Espresso coffees were evaluated in terms of their antioxidant capacity and 
compared using HPLC with two simultaneous on-line antioxidant assays. 
Comparison of the three coffee samples based on permanganate 
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chemiluminescence or DPPH˙ decolourisation assay showed a degree of similarity 
to that observed with UV-absorbance. Examination of the antioxidant profile of 
coffee using HPLC with an on-line ABTS˙+ assay demonstrated that caffeine did 
not exhibit antioxidant activity and that the overall antioxidant profile of the 
‘Decaffeinatto’ coffee sample was similar to those of the ‘Gold’ and ‘Ristretto’ 
samples (rich in compounds that responded to both on-line assays) and it is 
therefore likely that the decaffeinated coffees have similar positive effects on 
human health. 
The combination of two-dimensional separations with UV-absorbance and acidic 
potassium permanganate chemiluminescence detection offers relevant and 
comprehensive information for chemical matrix characterisation. In terms of the 
number of peaks detected in both modes of detection, the Decaffeinatto sample 
has the least (‘weakest’ strength of the coffee brews). The strongest of the 
coffee brews, Ristretto, had the most number of peaks visible in both 
chromatograms obtained using UV-absorbance and chemiluminescence 
detection, and the Volluto sample had the second most peaks present. 138, 88 
and 68 peaks were detected for ‘Ristretto’, ‘Volluto’ and ‘Decaffeinato’ with UV-
absorbance, respectively and 65, 56 and 44 peaks were detected with 
chemiluminescence. This technique can be used to target the isolation of key 
antioxidants from these complex matrices with a relative degree of simplicity. 
These types of analyses also have the potential to generate simultaneously 
valuable data on the bio-markers and thus become of high importance for 
designing complete “beneficial”  food compositional tables required for 
epidemiological research. 
Following on from this, selectivity studies for the determination of opiate 
alkaloids in Papaver somniferum poppy processing streams were conducted. 
Through experimentation it was determined that a PFP phase in combination 
with a C18 phase showed the greatest overall selectivity differences. The gradient 
was an aqueous-methanol system in the first dimension and an aqueous 
methanol or aqueous-acetonitrile system in the second dimension, depending on 
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the chemiluminescence reagent required.  This system was applied to the 
analysis of a thebaine, morphine and morphine/noscapine rich extract mix.  
With the combination of two-dimensional HPLC with UV-absorbance and 
chemiluminescence detection 70, 50 and 55 peaks were detected in thebaine, 
morphine and morphine/noscapine rich extracts, respectively. Mass 
spectrometry detection allowed for 19, 20 and 19 major components to be 
identified in the thebaine, morphine and morphine/noscapine rich extract, 
respectively. This technique can be used to target the isolation of key alkaloids 
from this complex matrix with a relative degree of simplicity. This type of analysis 
also has the potential to generate comprehensive chemical data on the 
impurities in drug production streams affording improvement in design of new 
novel pharmaceuticals. 
Following on from this, the use of parallel segmented flow columns was 
investigated as a solution to the limitations of speed of analysis in HPLC-MS and 
UHPLC-MS systems. The flow rate limitations of mass spectrometry require a 
compromise in chromatographic flow rate, which in turn reduces throughput 
causing a reduction in efficiency when using modern columns. This restriction is 
usually combated through post-column splitting of the flow prior to the mass 
spectrometer, however this results in loss of sensitivity and efficiency. A new 
chromatographic column format know as ‘parallel segmented flow’, which 
involves the splitting of eluent flow within the column outlet end fitting, in LCMS 
was implemented. Using parallel segmented flow, columns flow rates as high as 
2.5 ml/min where employed in the analysis of amino acids without post-column 
splitting to the MS. Furthermore, when parallel segmented flow columns were 
employed, the sensitivity was more than twice that of conventional systems with 
post-column splitting when the same volume of mobile phase was passed 
through MS detector. 
  
 12 
 
2 
Acknowledgements 
The completion of this thesis has required the help and support of many 
individuals. First and foremost I’d like to thank Dr Xavier Conlan for his role as 
supervisor, educator and friend throughout my university education to date. 
Thank you for your patience, understanding and shared knowledge. You have 
been the one thing I could never complain about! Many thanks to my other 
supervisor Associate Professor Andrew Shalliker as your wealth of knowledge 
and guidance in terms two-dimensional HPLC has been invaluable. Thank you to 
Professor Neil Barnett for allowing me to be part of such a unique research 
group. Thank you for the time and effort put in towards helping me achieve this 
goal and always being ready with a ‘strong’ drink when needed. Thanks to Tim 
Bowser, Campbell Scott, Fiona Fry and GlaxoSmith Kline for providing such 
challenging research opportunities. I also wish to express my gratitude to the 
following: Paul Stevenson for his development and guidance in the use of 
Mathematica 7, Mariam Mnatsakanyan for her expertise in coffee and two-
dimensional HPLC, Paul Francis for his extensive knowledge in 
chemiluminescence, and Geoffrey McDermott for his work with stable 
ruthenium complexes.  
Thank you to all the academic and technical staff, fellow students and friends 
who have made the last three years not only bearable, but unforgettable for all 
the right reasons. Deakin is part of our blood and none of us will ever truly leave. 
Thanks to Lizard who has been there for afternoon chocolate runs and long walks 
when things seem too much or when I just need a break. 
Last, but not least I would like to thank my family and especially C. Mars, S. 
Goodie and K. Joyce for their unfaltering support and tireless encouragement 
throughout this journey. 
 
 
  
 13 
 
2 
Publications 
Listed below are the references to publications that have resulted from the work 
presented in this thesis. 
1. M. Mnatsakanyan, P. Stevenson, D. Shock, X.A. Conlan, T.A. 
Goodie, K.N. Spencer, N.W. Barnett, P.S. Francis and R.A. Shalliker, 
The assessment of π-π selective stationary phases for two-
dimensional HPLC analysis of foods: Application to the analysis of 
coffee, Talanta, 2010, 82, 1349-1357. 
2. M. Mnatsakanyan, T.A Goodie, X.A. Conlan, P.S. Francis, G.P. 
McDermott, N.W. Barnett, D. Shock, F. Gritti, G. Guiochon and 
R.A. Shalliker, High performance liquid chromatography with two 
simultaneous on-line antioxidant assays: Evaluation and 
comparison of espresso coffees, Talanta, 2010, 81, 837-842. 
3. M. Mnatsakanyan, P.G. Stevenson, X.A. Conlan, P.S. Francis, T.A. 
Goodie, G.P. McDermott, N.W. Barnett and R.A. Shalliker, The 
analysis of café espresso using two-dimensional reversed phase-
reversed phase high performance liquid chromatography with UV-
absorbance, chemiluminescence detection, Talanta, 2010, 82, 
1358-1363. 
4. M. Camenzuli, T.A. Goodie, D.N. Bassanese, P.S. Francis, N.W 
Barnett, H. Ritchie, J. LaDine, R.A. Shalliker and X.A. Conlan, The 
use of parallel segmented flow columns for enhanced mass 
spectral sensitivity at high chromatographic flow rates, Rapid 
Communications in Mass Spectrometry, 2012, 26, 943-949. 
 
  
 14 
 
2 
Chapter 1 
Introduction 
x Antioxidants in Coffee 
x Opiate Alkaloids 
x Analysis of Opiate Alkaloids 
x Uni-dimensional HPLC Vs Multi-dimensional HPLC 
x Project Aims 
  
 15 
 
2 
1.1 Antioxidants in Coffee 
There is growing scientific evidence to suggest that many plant metabolites, such 
as ascorbic acid, tocopherols, carotenoids and phenolic compounds (Figure 1.1), 
participate in the cellular defence system against free radicals, thus offering 
numerous health benefits, such as antimutagenic, anticarcinogenic, and 
antiatherogenic effects 1-4. Comparison of the antioxidant activity of foods, 
exploration of their key bioactive ingredients and the search for new, potent 
antioxidants in food and other plant-derived materials are therefore of great 
importance in medicine, nutrition and food science 5. Coffee is an important 
source of natural antioxidants as it is consumed throughout almost every culture 
6.   
 
 
Figure 1.1 Structures of plant metabolites A) absorbic acid B) ferulic acid C) 
antheraxanthin and D) β-tocopherol 
 
A B
C
D
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Due to their taste, fragrance and stimulating properties coffee brews are 
amongst the most popular beverages consumed around the world 5. An average 
of six million tons of coffee is produced per year 7 and it is estimated that coffee 
based drinks contribute to 64% of the total antioxidant intake of the human diet 
8. The capacity of coffee to affect plasma redox homeostasis had been 
demonstrated 9, and it is currently suggested that the main compounds 
responsible for the antioxidant activity in roasted coffee beans are various 
phenols naturally present in green coffee beans (for example chlorogenic acids, 
caffeic acid, ferulic acid, p-coumaric acid and caffeoylquinic acid), and Maillard 
reaction products (melanoidins) formed in the roasting process 10-13. The roasting 
process also adds value to raw beans providing colour, texture and flavour which 
is highly appreciated by customers 10. 
Various off-line in vitro assays have be used to compare the total antioxidant 
activity of coffees of different origin, variety and brewing processes 7, 12-15 and 
examine fractions/compounds isolated from coffee 10, 16, 17. They have also been 
utilised as part of broader studies, comparing different plant extracts to identify 
rich sources of natural antioxidants 18 or examining the contribution of different 
foods to the total polyphenol/antioxidant consumption 19. The application of on-
line antioxidant assays to examine coffee is limited to two recent studies on the 
effects of roasting conditions, both of which combined reversed-phase (C18) 
chromatographic separation with the 2,2’-azinobis-(3-ethyl-benzothiazoline-6-
sulfonicacid) (ABTS•+) radical scavenging assay 20.  
The ABTS•+ radical scavenging assay has been used for measuring total 
antioxidant activity of solutions of pure substances 21, 22, aqueous mixtures and 
beverages 5, 23. It is based on the activation of metmyoglobin with hydrogen 
peroxide in the presence of the ABTS  radical cation 24, in the presence or 
absence of antioxidants 25. 
Coloured 2,2-diphenyl-1-picrylhydrazyl (DPPH•) 26 has also been used as an assay 
for measuring antioxidant capacity. By monitoring the decrease in absorbance of 
the DPPH• radical, at a characteristic wavelength of 515nm, it is possible to 
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visualise a reduction in absorption of DPPH upon its reaction with antioxidants or 
radical species 27. Although each of these methods have been used widely in the 
past it is important to note that no single assay provides definitive results. This is 
due to various reasons such as multiple mechanisms of antioxidant action, 
differences in the oxidant or free radical species used in each assay, and 
interferences specific to particular assays 28-30.  
It has been shown that acidic potassium permanganate chemiluminescence can 
be used as a rapid on-line assay to screen for antioxidants 31. Chemiluminescence 
in general is a valuable detection method for the analysis of antioxidant capacity 
due to its low limits of detection, wide linear ranges and the speed of response 
31, 32. The acidic potassium permanganate reagent has been used for highly 
sensitive quantitative detection of phenols and related compounds 32, and to 
assess the total antioxidant status of various beverages 31, 33.  
In this work the first use of an on-line DPPH• assay to provide a detailed 
antioxidant profile of coffee samples, which also serves as the first direct 
comparison of on-line DPPH• radical decolourisation and acidic potassium 
permanganate chemiluminescence assays is described in chapter 3 5.  
Due to the antioxidants present in coffee brews, analytical techniques that 
provide reliable separation and analysis of antioxidants from the complex coffee 
matrix could be of great importance 6. However, the complexity of natural 
products means that designing methods for analysis and characterisation can be 
a formidable task. Natural products are known for the range and novelty of their 
chemical diversity, often containing thousands of components 34. Many of these 
components have physical and chemical similarities, and are often present as low 
abundance species 34. As a result two-dimensional high performance liquid 
chromatography (two-dimensional HPLC) has been attracting more interest in 
the field of natural product chemistry as it has shown potential for obtaining 
good separation of highly complex samples including natural products 35-38.  
In this work the application of two-dimensional HPLC in combination with UV-
absorbance, chemiluminescence and mass spectrometry detection in order to 
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determine the key antioxidants in espresso coffees is demonstrated. A 
comparative study has been undertaken that involved testing three types of café 
espresso coffees, including a decaffeinated variety 6, 34. 
1.2 Opiate Alkaloids 
Papaver somniferum, a species of the opium poppy, is one of the most important 
medicinal plant species worldwide, as the poppy capsules provide a valuable raw 
material for the pharmaceutical industry 39. As a result, the demand for opiate 
materials has increased steadily over the last decade and it is expected that it 
shall continue to rise with hundreds of tonnes of these compounds expected to 
be produced by the pharmaceutical industry each year 39-41.  
The opium poppy has been used for thousands of years due to the medicinal 
properties of the various alkaloids found within it 39. It contains many known 
alkaloids, the most significant of which (in terms of their quantity within the 
plant) are morphine, codeine, thebaine, noscapine and papaverine 41, 42. 
Morphine is one of the most effective analgesics, codeine and noscapine are 
antitussive agents, and thebaine is the source for the manufacture of a number 
of opiates, such as oxycodone, oxymorphine, buprenorphine, which are 
important analgesics 39, 43.  
The work presented in terms of opiate alkaloids is focused on the identification 
of impurities in drug production streams, and is in the interest of 
GlaxoSmithKline (GSK). At the GlaxoSmithKline plant in Port Fairy, Victoria, six 
important alkaloids are extracted from opium poppies: codeine, thebaine, 
morphine, noscapine, oripavine and pseudomorphine, which are purified using a 
series of alkaline, acidic and solvent extractions (see Figure 1.2) 44. 
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Figure 1.2 Chemical structures of a) codeine b) noscapine c) thebaine d) morphine e) 
pseudomorphine and f) oripavine. 
 
1.3 Determination of Opiate Alkaloids 
In the early 19th century Sertürner isolated morphine 45. Since then the 
characterisation and quantification of opiate alkaloids has been an on-going 
challenge.  Accurate means to determine the P. somniferum alkaloids are 
required for samples such as raw plant material, to establish or monitor alkaloid 
abundance in different crops, industrial process streams, to optimise the 
extraction yields and reduce waste, and pharmaceutical formulations, for quality 
control and regulatory requirements 41.  
             b)                        
a)                                                 c) 
 
 
 
 
                 e)  
d)                                  f) 
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Due to the complex nature of the matrices, separation techniques such as gas 
chromatography (GC) with mass spectrometry (MS) or either HPLC or capillary 
electrophoresis (CE) coupled with UV-absorbance, fluorescence, electrochemical 
or mass spectrometry detection are normally required 46. Electrospray mass 
spectrometry is a very sensitive method for the determination of alkaloids due to 
their good ion efficiencies. Furthermore, electrospray tandem mass 
spectrometry has been successfully applied to the analysis and characterisation 
of opiate alkaloids 40.  
Chemiluminescence is an alternative mode of detection that provides high 
sensitivity using relatively simple instrumentation 32, 47. Chemiluminescence (the 
production of light from a chemical reaction) is a technique that has been used at 
Deakin for almost two decades 48 and has been established as a routine method 
for the detection of specific functional groups or sample attributes in a variety of 
samples 31, 32, 41, 49.  
Acidic potassium permanganate and tris(2,2’-bipyridyl)ruthenium (III) 
chemiluminescence reagents have been used to determine opiate alkaloids in 
industrial process stream 32. The two reagents have complementary selectivity 
with respect to the detection of the Papaver somniferum alkaloids. Acidic 
potassium permanganate reacts with the phenolic opiates (morphine, noscapine, 
oripavine and puesdomorphine) to elicit chemiluminescence 41, while little or no 
emission is observed from codeine and thebaine. Tris(2,2’-bipyridyl)ruthenium 
(III) generates chemiluminescence upon reaction with tertiary amines in the non-
phenolic opiate alkaloids (thebaine and codeine) 50. 
The history of naturally derived opiate alkaloids was founded on the isolation of 
morphine in the 19th century 42. In the beginning alkaloids such as oripavine and 
thebaine were considered to be impurities 51. However, after the isolation of 
these alkaloids it was discovered that these were in fact highly valuable in terms 
of their medicinal properties. In 2008, Australian commercial quantities of these 
two opiate alkaloids exceeded 100 tonnes representing over 80% of the world 
market supply at a value of $2000 per tonne 52. Understanding the provenance of 
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and identifying impurities is crucial to improving the manufacturing process 
through; lower costs, providing feedback for poppy breeding programs, for the 
identification of potentially beneficial opiate alkaloids and for improving existing 
extraction techniques through the removable of actual impurities.  
In this work the application of two-dimensional HPLC in combination with UV-
absorbance, chemiluminescence and mass spectrometry detection for the 
characterisation of opiate alkaloids in drug processing streams is demonstrated. 
1.4 Uni-dimensional HPLC Vs Multi-dimensional HPLC 
High performance liquid chromatography (HPLC) is a well established and 
frequently used technique that has been widely applied to the analysis of real 
world samples in various fields 5, 31, 53, 54. Over the years there have been many 
steps towards improving the separation power of HPLC. This power can be 
utilised in two different ways: by designing more efficient columns, through 
increasing their length and decreasing particle size and/or replacing packed 
column with monolithic columns, and by operating under gradient conditions 
rather than isocratic conditions can improved the way we use columns 55. In 
most instances uni-dimensional HPLC provides sufficient separation space and is 
more than capable of dealing with routine problems and analysis. 
In some cases, however uni-dimensional HPLC separation methods cannot 
provide sufficient resolving power for the separation of target components in 
complex matrices 36. Even in samples with less complex matrices, there is 
generally a random peak distribution which requires a high number of 
theoretical plates for total peak resolution 36, 55. In order to resolve 98% of the 
randomly distributed sample components, the peak capacity must exceed the 
number of peaks by 100-fold 56. Francois et al. 56 have shown that a single 
dimension is often inadequate to enable complete separation of complex 
mixtures and as a result the development of two-dimensional HPLC has become 
of great interest. 
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The limits of HPLC tend to arise from practical constraints such as the need for 
high efficiency, a reasonable analysis time, an acceptable inlet pressure and a 
low detection limit 55. However, the most notable limitation of uni-dimensional 
HPLC is the overall peak capacity that can be obtained for a particular system.  
Multi-dimensional HPLC is currently being employed as a solution to the limited 
peak capacity in uni-dimensional HPLC separations. Its principal advantage is that 
it can provide a greatly enhanced peak capacity, which represents the maximum 
number of components theoretically separable in the system, under dimensions 
which have divergent retention behaviour 55, 57, 58. In theory the maximum peak 
capacity in two-dimensional HPLC that employs orthogonal dimensions is equal 
to the product of the peak capacities of each respective, one-dimensional 
separation 34, 57, 58. 
The multiplicative rule indicates that a two-dimensional separation should 
theoretically be significantly more powerful in its ability to resolve complex 
mixtures, than its one-dimensional counterpart because of the increased peak 
capacity. However, the multiplicative rule is only an estimation of the peak 
capacity as the correlation of solute retention restricts the available separation 
space 59. The actual number of components that can be isolated in a separation is 
far less than the theoretical peak capacity. This is due to statistical overlap of 
component zones, which predicts that the ability to resolve zones in two-
dimensional separations does not increase in direct proportion to the increase in 
peak capacity 60, 61.    
The concept of orthogonality in multi-dimensional separations described the 
degree of independence of two separation mechanisms. It is generally 
understood that if components in one dimension are not correlated to the 
distribution in the other, the separation is orthogonal. In practice , a truly 
orthogonal system is seldom obtained, causing the actual peak capacity to 
somewhat less than predicted 59. 
In order to maximise the practical peak capacity of a system the operating 
conditions must be carefully measured and optimised. Selectivity studies are 
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required to ensure that the optimal stationary and mobile phases are employed 
to achieve both the required separation of the samples and the aim of the 
experiments. The ideal conditions, in which two dimensions are completely 
orthogonal, may not be practically achievable, however the increased peak 
capacity afforded by two-dimensional HPLC analysis offers benefits for the 
separation of highly complex sample matrices 34, 57. 
Multi-dimensional separations have a large number of parameters for 
characterisation and identification of components in comparison to linear uni-
dimensional systems. Multi-dimensional systems require good selectivity, 
suitable peak spacing, and adequate peak capacity in each dimension with 
separations exhibiting orthogonal behaviour 57, 62. The nature of the sample must 
be taken into consideration. Each dimension within the separation system should 
ideally be selective towards specific sample attributes to ensure that 
displacement of the sample components across the two-dimensional space is 
ordered 58, 63. When the dimensions display orthogonal behaviour, the peak 
capacity is maximised 64, 65. As the degree of correlation between dimensions 
increases, the peak capacity decreases 59. 
Multidimensional HPLC is a valuable tool for the analysis of complex matrices, 
however it too has drawbacks. Inevitably, the analysis time and cost is much 
higher than that of uni-dimensional HPLC. Therefore if an analysis can be 
performed using uni-dimensional HPLC it is generally more favourable. However, 
multi-dimensional HPLC is clearly advantageous for the analysis of complex 
matrices with many components, for example those found in natural products. 
In this work the selectivity of various samples with respect to the behaviour of a 
complex sample derived from natural origin containing a multitude of 
components is investigated. To illustrate this process we assessed the separation 
of ‘Ristretto’ espresso coffee on a number of π-selective stationary phases, as 
well as three types of opiate alkaloids. The resulting two-dimensional systems 
were employed for the analysis of a variety of coffee brews and opiate alkaloids.  
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1.5 Instrumentation 
All two-dimensional HPLC spectra presented, unless otherwise stated, were 
recorded using an Agilent Technologies 1200 series HPLC equipped with two 
quaternary pumps, solvent degasser system, autosampler, and diode array, UV-
absorbance and chemiluminescence detectors (Agilent Technologies, Victoria, 
Australia) coupled to a time-of-flight mass spectrometer (TOF LC-MS) with 
various column formats (Phenomenex) for the determination of bioactives in 
complex samples (the system is shown in Figure 1.3 minus the TOF LC-MS). 
Samples are injected into the HPLC, whereupon they are separated 
chromatographically in the first dimension, following this separation heart-
cutting fractions are collected and then separated chromatographically on a 
second dimension column before being introduced to the mass spectrometer.  
 
Figure 1.3 two-dimensional HPLC system used for the determination of bioactives in 
complex samples. Labelled with 1) computer 2) mobile phase solvent bottles 3) binary 
pumps 4) injector 5) 10-port switching valve 6) UV detectors 7) PMT box 8) peristaltic 
pump and 9) chemiluminescence reagent. 
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An incremental heart-cutting approach was used to express the two-dimensional 
peak displacement, by which a 200 μL heart-cut section was transferred to the 
second dimension. The first dimension separation was then repeated and the 
next 200 μL fraction from the first dimension was transferred to the second 
dimension. This process was repeated systematically 33 times across the first 
dimension separation. Figure 1.4 shows the set up of the switching valve which is 
used to collect and redirect heart-cut fractions. 
 
 
Figure 1.4 Schematic of switching valve set up labelled with 1) injector 2) 1st dimension 
column  3) 200 μL sample loop 4) 2nd dimension column 5) 2nd dimension detector 6) 2nd 
dimension pump 7) waste stream and 8) 1st dimension detector                                                    
*the arrows indicate flow direction  
 
1.6 Project Aims 
The aim of this research was to develop a two-dimensional HPLC protocol for the 
analysis of complex biological matrices. To do this, selectivity studies were 
conducted to ensure sample dimensionality and to increase the practical peak 
capacity of the system. The analysis of samples using reversed phase-reversed 
phase two-dimensional HPLC with UV-absorbance, chemiluminescence and mass 
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spectrometry detection has been performed. Coffee samples have been analysed 
in order to assess their antioxidant capacity with the aid of various modes of 
detection. Opiate samples from industrial process streams have been analysed in 
order to characterise impurities. 
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2.1 Introduction 
The principal advantage of two-dimensional HPLC is that it provides a greatly 
enhanced peak capacity in comparison to one dimensional HPLC 57. However, 
this is provided that each of the dimensions offers divergent retention 
behaviour. In theory, the maximum theoretical peak capacity in two-dimensional 
HPLC utilising orthogonal dimensions is equal to the product of the individual 
peak capacities of each dimension. The overall peak capacity of a system reduces 
as a function of correlation between dimensions 66-68. Therefore, in order to fully 
utilise the separation power of two-dimensional HPLC, the nature of the sample 
should be considered and each dimension should ideally be selective towards 
specific sample attributes 57. This ensures ordered displacement of the samples 
components across the two-dimensional space 6. 
The most reliable way to measure selectivity difference is to employ the sample 
itself during the testing phase. This ensures that selectivity changes are truly 
reflected in the separation of the sample.  However, the utilisation of complex 
samples such as natural products during the design phase of separation is far 
from straight forward, as there are usually a multitude of components that co-
elute, and changes in selectivity are likely to go unnoticed as one complex 
chromatogram looks very similar to another 58. In 2007, Carr and co-workers 69, 
introduced the concept that a two-dimensional HPLC system could in fact be 
utilised as a separation process as the first dimension, and then the second 
dimension serve as a selectivity detector. In that way, changes that are made to 
the first dimension can be assessed in the retention distribution in the second 
dimension and the relative change in selectivity of the different first dimensions 
can therefore be gauged 58. In the majority of these selectivity studies a finite 
number of test analytes are used to characterise the selectivity.  
The experiments to follow in this work investigate selectivity with respect to the 
behaviour of a complex sample derived from natural origin which contains a 
multitude of components. In this study the focus is on general selectivity 
differences rather than specific functional differences. To illustrate this process 
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the separation of “Ristretto” espresso coffee on a number of π-selective 
stationary phases employing two-dimensional HPLC techniques with selectivity 
detection has been assessed 6. This was done in order to maximise the 
separation power for extended studies on the analysis of a variety of coffee 
brews.  
2.2 Experimental 
2.2.1 Chemicals and Samples 
All solvents were of HPLC grade. Acetonitrile, methanol, tetrahydrofuran were 
from Lomb Scientific (Tarren Point, NSW, Australia). Milli-Q water (18.2 MΩ) was 
obtained in-house and used through all the experiments. Espresso “Ristretto” 
coffee was obtained from the local market (Nespresso Australia, North Sydney, 
NSW, Australia). The coffee brews were home made using an “espresso” coffee-
making machine (Nespresso DēLonghi, Nestle Nespresso, S.A., Australia). Coffee 
brews for analysis were prepared using a 30 mL shot and were diluted 1:4 in 
water prior to analysis. All samples prior to injection into the HPLC system were 
filtered through 0.45 μm pore filter. 
2.2.2 Chromatography Columns 
All chromatography columns were supplied by Phenomenex (Lane Cove, NSW, 
Australia). Five different functionalities were tested: Luna 100 Ǻ Cyano (CN), 
SphereClone ODS, Luna Phenyl-hexyl (PH), Synergi Hydro-RP 80 Ǻ (C18 with polar 
end-capping) and a Luna pentafluorophenyl (PFP). All column formats were 150 
u 4.6 mm, packed with 5 μm particles.  
2.2.3 Chromatographic Instrumentation 
All chromatographic experiments for coffee samples were conducted using a 
Waters 600E Multi Solvent Delivery LC System equipped with Waters 717 plus 
auto injector, Waters 600E pumps, Waters 2487 series UV/VIS detectors and 
Waters 600E system controller. The chromatographic interface between the 1st 
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and 2nd dimensions consisted of two electronically controlled, two-position six-
port switching valves fitted with micro-electric valve actuators. 
First Dimensional Separation: First dimensional separations were performed on 
either of the CYANO, C18 with polar end-capping, PH or PFP columns. Selectivity 
studies were undertaken in aqueous solvents of methanol, acetonitrile and THF; 
however, in this work we report only the results derived from the aqueous-
methanol system as this system yielded the greatest degree of separation 
performance. Since the second dimension was to serve as the ‘detector’, 
assessing the changes that result from the first dimension, the same mobile 
phase conditions that were employed in the first dimension were also used in 
the second dimension. All separations, in both dimensions, were operated under 
linear gradient conditions, starting with 100% aqueous mobile phase and 
finishing with 100% methanol mobile phase, at a gradient rate of 10% per min. 
All flow rates were 1 mL/min and injection volumes were 100 μL into the first 
dimension. Mobile phases were not buffered for all experiments, despite the fact 
that coffee is known to contain a high number of carboxylic acids 9, 70, 71. While 
initial experiments (data not shown here) were undertaken using acetate 
buffered mobile phases, no gain in separation performance, and even a possible 
loss, was observed. Non-buffered mobile phases enhanced our ability to 
undertake mass spectral analysis in the negative ion mode and also reduced one 
further aspect of solvent mismatch between the respective first and second 
dimensions: that of pH shock in the second dimension. 
Second Dimension Separations: The second dimension was conducted on the 
SphereClone C18 column, using gradient elution with an initial mobile phase of 
100% water, running to a final mobile phase of 100% methanol, at a gradient 
rate of 10% per min. The flow rate was 1 mL/min. The transfer volume from the 
first dimension to the second dimension was 200 μL. UV absorbance detection 
was set at 280 nm. 
 Operation: A comprehensive, or more correctly, an incremental heart-cutting 
approach was used to express the two-dimensional peak displacement, by which 
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a 200 μL heart-cut section was transferred to the second dimension, with 
subsequent second dimension separation being undertaken. The first 
dimensional separation was repeated, following which another 200 μL first 
dimension fraction was transferred to the second dimension. This was repeated 
at every 0.4 mL across the entire first dimension separation, i.e. the first 
dimension separation was repeated a total of 34 times over a 20 hour period.  
 2.2.4 Mass Spectral Analysis 
A 6210 MSDTOF mass spectrometer (Agilent Technologies) was used with the 
following conditions: drying gas, nitrogen (7 mL/min, 350°C); nebulizer gas, 
nitrogen (16 psi); capillary voltage, 4.0 kV; vaporiser temperature, 350°C; and 
cone voltage, 60 V. All mass spectra data were handled by using MassHunter 
Qualitative Analysis software (Agilent Technologies).  
2.2.5 Data processing 
Data plotting and calculation of retention information, including the statistical 
measures of the geometrical approach to factor analysis was performed using an 
in-house written program [22] using Mathematica 7.  
2.3 Results and Discussion 
2.3.1 First Dimensional Separation 
In this work an array of stationary phases for the separation of espresso coffee 
samples was explored. The following five stationary phases were examined: a 
cyano, a C18, a Synergi Hydro-RP, a pentafluorophenyl and a phenyl-hexyl phase. 
These were tested with mobile phases consisting of methanol, acetonitrile or 
tetrahydrofuran (THF). It was determined that the aqueous-methanol system 
yielded the greatest degree of separation performance and as a result it was 
used for the analysis of espresso coffee. The chromatograms in Figure 2.3.1(a to 
e) show the uni-dimensional separations of the espresso coffee with various 
columns using a gradient of 100% aqueous to 100% methanol. 
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Figure 2.3.1 Uni-dimensional separations of espresso coffee on a) CYANO b) PH c) PFP d) 
synergi-hydro C18 e) C18 with aqueous-methanol system. 
 
Changes in selectivity were apparent on each column, but were difficult to 
measure due to the overloading of the column and fact that the peak capacity is 
exceeded. However, it can be noted that in all cases, except on the Synergi 
Hydro-RP phase, the separation was essentially bimodal in distribution. 
  
a)             b) 
 
 
 
 
 
c)              d) 
 
 
 
 
 
 
        e)    
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2.3.2 Second Dimension Separations    
In the second dimension selectivity differences were explored with respect to the 
C18 phase. The mobile phase conditions employed were the same as those in the 
first dimension as the second dimension was to serve as the ‘detector’ and 
assess the changes that result from the first dimension. Figure 5.3.2 illustrates 
the two dimensional surface plots obtained from experimentation.  
 
 
Figure 2.3.2 Two-dimensional separations of coffee. First dimension a) CYANO b) PH c) 
PFP d) Synergi-hydro C18 and second dimension C18 
 
These surface plots clearly show that there are significant differences in the 
retention behaviour of the solutes undergoing migration through the two-
a)                         b) 
 
 
 
 
 
 
 
c)                d) 
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dimensional system. In order to assess qualitatively and quantitatively the 
separation power of the two dimensional systems a mathematical approach 
routinely used in our collarorators laboratory was used. In summary the number 
(N) and retention times of eluting peaks were determined and then a geometric 
approach to factor analysis (GAFA) was applied to measure the correlation 
between each dimension, the spreading angle (β), the practical peak capacity (np) 
and percentage usage of the separation space 59. Table 2.3.1 depicts numerically 
the changes that have occurred as a result of the stationary phase selectivity. 
 
System N Correlation β np % Usage 
Cyano (Total) 138 0.742 42.1 1674 55.8 
Cyano (Q1) 22 0.097 84.5 2665 95.2 
Cyano (Q2) 54 0.457 62.8 2124 75.8 
Cyano (Q3) 62 0.802 36.7 1397 49.9 
Hexyl Phenyl (Total) 105 0.908 24.8 1299 36.1 
Hexyl Phenyl (Q1) 37 0.282 73.6 3081 85.6 
Hexyl Phenyl (Q2) 13 -0.356 69.1 2937 81.6 
Hexyl Phenyl (Q3) 53 0.893 26.8 1386 38.5 
Pentafluoro Phenyl (Total) 94 0.945 19.1 1036 28.8 
Pentafluoro Phenyl (Q1) 37 0.079 85.5 3458 96 
Pentafluoro Phenyl (Q2) 5 -0.572 55.1 2469 68.6 
Pentafluoro Phenyl (Q3) 52 0.917 23.6 1243 34.5 
Synergi hydro-RP (Total) 71 0.941 19.8 1072 29.8 
Synergi hydro-RP (Q1) 30 0.172 80.1 3288 91.3 
Synergi hydro-RP (Q2) * * * * * 
Synergi hydro-RP (Q3) 39 0.871 29.5 1500 41.7 
Table 2.3.1 GAFA calculations for the two-dimensional HPLC separations and in each of 
the quadrants. 
 
Each of these systems shows a relatively high correlation to that of the C18 phase, 
which isn’t unexpected as all coupled systems were RP-RP. However, there are 
distinct regions where specific systems would out-perform another for certain 
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sample components. In order to more specifically detail the selectivity 
differences that were occurring, an extensive assessment of regional selectivity 
was undertaken. To do this the two-dimensional plane was divided into 
quadrants, essentially consistent with the bimodal nature of the uni-dimensional 
separation. Each quadrant represents half of the separation period from each 
dimension. The number of components in each region and undertook the GAFA 
assessment of each coupled region were then measured. An example of this is 
illustrated graphically in Figure 2.3.3, which shows the retention time scatter 
plots for the location of peak maxima in two of the four coupled two-
dimensional systems. The results from the GAFA for each system and its four 
quadrants are detailed in Table 2.3.1. 
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Figure 2.3.3 Characteristic retention time scatter plots for the location of peak maxima 
in a) cyano and b) Phenyl Hexyl coupled two-dimensional systems 
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2.3.3 Qualitative Assessment of Selectivity Changes 
Cyano Phase 
Quadrant 1: The peaks eluting from the cyano column in quadrant 1 (Q1) do so 
with very little retention on the stationary phase in the first dimension, however, 
they display substantial variability in retention across the C18 phase. These 
compounds have a wide range in polarity. This aspect of the two-dimensional 
retention behaviour indicates that these compounds have limited interaction 
with the non-resonance S-electrons or the dipole-dipole moment on the cyano 
phase, and separation in the second dimension is based on their 
hydrophobicity/methylene selectivity. Mass spectral identification of compounds 
fractionated from this region of the chromatographic separation verified that 
these compounds were highly hydroxylated and in some instances were low 
molecular weight carboxylic or phenolic acids and monomeric flavan-3-ols. 
Within this quadrant, retention of the acids and monomeric flavan-3-ols in the 
second dimension increased with the aliphatic chain length (i.e diCQA, di 
procianidins) Alkaloids, such as nicotinic acid, nicotinamide and trigonelline 
(having cyclic amino rings), were also observed to elute in this quadrant (Figure 
2.3.4). Table 2.3.2 shows the compounds identified and the letter corresponding 
to their placement in the two-dimensional separation. 
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Figure 2.3.4 Compounds identified in the cyano/C18 system                                                        
*For illustrative purposes the location of the components on the two-dimensional plot represent 
only the generalised location, and not the exact two-dimensional retention time  
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Peak Compound Identified 
a Caffeic acid 
b Malic acid 
c Quinic acid 
d Fumaric acid 
e Catechin 
f Procyanidin dimer 
g Ferloylquinic acid 
h Ferulic acid 
i 3-(4,5)-o-caffeoylquinic acid 
j 3,4-dicaffeoylquinic acid 
k Trigonelline 
l Nicotinic acid 
m Sucrose 
n Caffeine 
o Caffeoylquinic acid 
p Rutin 
q Acetylated hexose based oligosacchardie 
r Oligosaccaride containg anhydrohexose 
s Sacetylformoin hexose based oligosaccharide 
t Caffeoylshikimic acid 
u Nicotinamide 
Table 2.3.2 Identified components and the letter corresponding to their placement in 
the two-dimensional separation 
 
Quadrant 2: The peaks in quadrant 2 (Q2) show a great deal of variability in their 
retention across the cyano phase, but limited variation on the C18 phase. They 
are therefore compounds of similar hydrophobicity, with little change in the 
nature of the carbon structure. Separation on the cyano phase is, however, 
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obtained because of their selective interaction with the non-resonance S-
electrons, and this indicates significant changes in the degree of 
functionalisation. Mass spectral identification of the components collected from 
this region of the separation indicates that some of these compounds contain 
non-polar substituents, such as the methoxy group in ferulic acid, which 
contributes to greater retention on the C18 dimension, but only slightly increased 
retention on the cyano stationary phase in the first dimension (Figure 2.3.4).  
Quadrant 3: The peaks in this quadrant (Q3) show discrimination in their 
retention on both phases. Therefore, these are compounds with variation in their 
carbon nature and in their degree of functionality. Mass spectral analysis 
confirmed the presence of more complex alkaloids, such as caffeine, which was 
the dominating compound in zone 3, and polyphenols, such as rutin. The 
structures of these types of compounds are consistent with the observation of 
increasing solute-stationary phase interactions on these two phases. At this time 
the nature of compounds eluting in this zone had not been fully evaluated, as the 
complexity of the analysis was substantial. However, it was suspected that these 
compounds may be melanoidins, higher molecular weight polymeric species with 
a polydisperse structure containing nitrogen, carbohydrates, amino acids and 
phenolics 72. 
Quadrant 4: No UV absorbing compounds were observed to elute in this region, 
indicating that there were likely to be few compounds that have highly polar or 
S-functional groups with a limited degree of carbon back-bone. (Two 
components were detected by MS). 
Phenyl-hexyl phase (PHP). 
Quadrant 1: In contrast to the cyano phase, the compounds eluting in Q1 were 
more highly retained on the PHP phase. This suggests that these compounds had 
good interaction with the resonance S-electrons of the stationary phase surface. 
Again there was a general increase in retention of these compounds on the C18 
phase, consistent with there being a significant change in polarity of these 
molecules. Mass spectral identification verified that the same types of 
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compounds that eluted in Q1 on the cyano system, also elute in Q1 on this 
system. However, for compounds, such as caffeic acid, retention on the HP phase 
increased considerably (Figure 2.3.5), indicating the role of the resonance S-S 
selective interactions. Also of note is the retention of the compounds such as the 
pyridine derivative trigonelline, which increased on the PHP phase (5 minute 
retention time), in comparison to the cyano phase (2 minute retention time).   
 
 
Figure 2.3.5 Compounds identified in the phenyl hexyl/C18 system 
 
Quadrant 2: Fewer compounds were observed to elute in this region than in the 
cyano system. This is consistent with two aspects of the separation: (1) The 
higher degree of correlation between both dimensions reduced the overall 
number of peaks detected and hence a greater degree of co-elution would be 
expected, and (2) The greater degree of retention on the PHP column resulted in 
the peaks that eluted in Q2 on the cyano system, now undergoing elution in Q3 
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on the PHP system (see later details in Table 2.3.1). This greater degree of 
retention is primarily a result of the increased hydrophobicity of the stationary 
phase due to the six member alkyl chain tethering the phenyl ring to the surface 
of the silica. There was also discrimination between species as a result of 
selective interaction with the resonance S - electrons. 
Quadrant 3: The most number of compounds for this system were observed in 
this quadrant. This is consistent with the differences in the aforementioned 
behaviours between the cyano phase and the PHP phase, as the more 
hydrophobic species were retained to a greater extent on the HP column than 
the cyano column, hence moving a significant portion of the compounds from Q2 
to Q3. This supports the notion that these compounds display substantial 
variation in both their carbon backbone and likely their aromaticity. Mass 
spectral data verifies that in the third quadrant most of the eluted compounds 
were of hydrophobic character such as caffeine and sugars with non-polar 
substituents (rutin). 
Quadrant 4: Two UV absorbing components (4 by MS) bordered the intersection 
of Q2, Q3 and Q4. There was, however, insufficient information to deduce 
whether these components were able to interact with the S electrons, or 
whether they were in fact simply moderately polar. Nevertheless we were able 
to verify by mass spectrometry, that the polar 3(4,5)-O caffeoylquinic acid (CGA) 
eluted in quadrant 4.  
Pentafluorophenyl phase (PFP)  
Quadrant 1: Even greater retention of the components eluting in Q1 was 
observed on the PFP phase in comparison to the PHP and cyano phases, 
indicating perhaps that these components could undergo substantial hydrogen 
bonding. MS analysis revealed that the compounds eluting in this region were 
similar to those in HP and cyano phases, but their retention was increased on the 
PFP dimension (Figure 2.3.6). These compounds were either moderately polar 
nitrogen containing alkaloids, where the overall solute hydrophobicity played a 
role towards PFPs discriminative retention, or polar compounds with aromatic 
 43 
 
2 
rings showing that SSinteractions were of major importance on PFP phase. 
This allowed the essentially unretained species on the more polar cyano phase to 
be more strongly retained on PFP phase. 
 
 Figure 2.3.6 Compounds identified in the Pentafluoro phenyl/C18 system 
 
Quadrant 2: Only five components eluted in this region, indicative of the fact 
that there was greater retention on the PFP phase. This is because the more 
hydrophobic components that could interact with either the resonance S- 
electrons, or those that could undergo hydrogen bonding were retained more on 
the PFP phase, resulting in an increased number of components (as a function of 
the total number of components) eluting in Q3. In Q2, ferulic acid was identified, 
the methoxy moiety of which resulted in its higher retention in both PFP and C18 
dimensions. 
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Quadrant 3: The scatter of data points was highly correlated in Q3, perhaps 
indicating that the dominant aspect of retention for these species in this system 
was related to solute hydrophobicity. The mass spectral analysis confirmed the 
presence of high molecular weight sugar adducts, with non-polar substituents 
and caffeine.   
Quadrant 4: No UV absorbing components eluted in Q4, but five components 
were detected by MS. 
Synergi Hydro RP Phase. 
Quadrant 1: Greater retention of the components was observed in Q1 on this 
stationary phase. Of all the four systems tested, this combination yielded the 
least expression across the C18 dimension (Figure 5.3.7), indicating these 
components were the polar species, undergoing interaction (likely hydrogen 
bonding) with the polar end-capping aspect of the stationary phase. 
 
 
Figure 2.3.7 Compounds identified in the Synergi Hydro/C18 system 
2) 3) 
4) 1) 
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Quadrant 2: No components eluted in Q2. 
Quadrant 3: Strong correlation was observed between the C18 and Synergi 
Hydro-RP phase in Q3. This is not surprising as both phases are C18 columns, and 
the more polar species showed their difference in interactions between the C18 
and polar end capped C18 in their elution behaviour in Q1.  
Quadrant 4: Two compounds eluted here, indicating the dominance of the C18 
aspect of the stationary phase in comparison to the hydrophobicity, or the 
limited number of components able to interact with the polar end-capping. 
Due to the insufficient separation selectivity differences between the Synergi 
Hydro RP and C18 phases, further MS analysis to elucidate the main functionality 
of eluting compounds distributed in this particular system was not undertaken. 
2.3.4 Quantitative assessment of selectivity changes. 
Overall System Performance 
The total number of detected peaks in each of the four coupled systems is given 
in Table 2.3.1. The most peaks were observed to elute from the cyano system, 
consistent with this system yielding the least correlation between dimensions. 
The number of detected peaks eluting from the S selective stationary phases 
decreased with increasing correlation. In all four of these separations, only one 
system showed peaks eluting in Q4 (Synergi Hydro-RP coupled to the C18), but 
this was limited to just two peaks. For the most part, components were scattered 
throughout the other three quadrants, with the exception, again, of the Synergi 
Hydro-RP phase where no components were observed to elute in Q2. 
The least correlated system was the cyano system (0.74), followed by the phenyl 
hexyl system (0.91). The pentafluorophenyl phase and the Synergi Hydro-RP 
phase were almost exactly the same, with respect to total system performance 
with correlations of 0.945 and 0.941 respectively. The practical peak capacity of 
the cyano phase was 1674 (55% usage), almost 300 peaks greater than the next 
‘best’ system (phenyl-hexyl phase) with 1299 peaks (36% usage).  
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Assessment of the separation performance of each of these systems based on a 
global performance measure, however, does not illustrate important localised 
performance measures. In order to assess the localised performance, GAFA was 
applied to the elution of the components in each of the elution quadrants within 
the two-dimensional separation plane. 
Localised System Performance 
Quadrant 1: Each of the four stationary phases that were coupled to the C18 
phase showed almost orthogonal retention behaviour to the C18 phase with 
correlation coefficients between 0.079 (PFP) to 0.282 (PHP). Even the Synergi 
Hydro-RP phase showed considerably diverse retention behaviour to the C18 (c = 
0.172). The cyano phase was correlated at 0.097. All four phases showed greater 
than 85% utilisation of the separation space, with the least correlated phase 
(PFP) utilising 96%. Despite the relatively high degree of space utilisation that 
was observed for the cyano phase, the detection of only 22 components 
compared to 37 on the PFP phase suggests a number of multiplets in this region 
of the separation. Overall, in Q1 small phenolic acids and alkaloids were 
observed to elute, irrespective of the stationary phase, but with retentivity 
generally increasing in the order cyano < PHP < PFP.  
Quadrant 2: The cyano phase presented the greatest utilisation of this separation 
region, with a total of 54 components being observed. In comparison, only 13 
and 5 components were observed to elute in this quadrant on the PHP and PFP 
phases respectively. No bands were observed to elute in this region from the 
Synergi Hydro-RP phase. Correlation between the cyano dimension and the C18 
dimension increased in this quadrant, moving from 0.097 in Q1 to 0.457 in Q2, 
with an overall percentage utilisation of separation space in this dimension being 
75.8% of the theoretical peak capacity. In contrast, both the PHP and PFP phases 
showed inverse correlation with the C18 phase in Q2, although this was tested on 
fewer components (5 on the PFP, but 13 on the PHP phase and still significant). 
In Q2 mostly compounds of moderate polarity, such as ferulic acid and 
feruloylquinic acids, have been determined. 
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Quadrant 3: All four columns showed the greatest number of peaks (with respect 
to their total number separated) eluting in Q3. Likewise, correlation between 
each phase and the C18 phase was at its greatest in this quadrant, with 
correlation values between 0.802 (cyano) to 0.917 (PFP). Components eluting 
from the Synergi Hydro-RP and the two phenyl phases in particular showed 
strong alignment of the main diagonal in this quadrant. Hence (and not 
surprisingly), the percent usage of the separation space decreased to as little as 
35% on the PFP phase, and 50% on the most divergent phase (cyano). It is not 
surprising that correlation is greatest in this region since compounds that elute in 
this region are the least polar compounds in the sample and their retention more 
than likely reflects their hydrophobicity. In Q3, caffeine was the most abundant 
species, but it is likely that other nitrogen containing hydrophobic molecules are 
present.  
Quadrant 4: Selectivity was not assessed in Q4 since there were too few 
compounds in each of the systems to gain any degree of useful information. 
2.4 Conclusions 
The cyano phase showed the greatest overall selectivity difference with respect 
to the C18 phase. Hence, applications in the two-dimensional analysis of espresso 
coffee would be better served utilising this combination than any of the other 
three if the C18 phase were to remain in the second dimension. The gradient 
conditions employed were the same for both the first and second dimension. 
The gradient was an aqueous-methanol system that ran from 0 to 100% 
methanol at a rate of 10 % per min.  With this system we were able to detect 138 
peaks using UV absorbance and 21 compounds using mass spectrometry as the 
mode of detection. Figure 2.4.1 summarises these key results.  
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Figure 2.4.1 a) First dimension chromatogram of espresso coffee on CYANO stationary 
phase b) second dimension chromatogram of espresso coffee on C18 stationary phase 
and c) two-dimensional contour plot. 
 
The work from this chapter can been seen summarised in the publication 
entitled: The assessment of π-π selective stationary phases for two-dimensional 
HPLC analysis of foods: Application to the analysis of coffee 34. 
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3.1 Introduction 
To date, most on-line antioxidant assays have been based on DPPH˙ and ABTS˙ 
radical decolourisation, inhibition of luminol chemiluminescence or 
electrochemical techniques 73. Past studies focus on a single on-line assay, with 
the exception of Exarchou et al. 74 who used both DPPH˙ and ABTS˙  assays (after 
separate chromatographic runs) to examine the antioxidant profiles of plant 
extracts. Francis et al. 33 recently demonstrated that the direct 
chemiluminescence reaction with acidic potassium permanganate could be 
exploited as a rapid on-line assay to screen for antioxidant compounds. In the 
past, this reagent has been used as a highly sensitive quantitative method of 
detection for phenols and related compounds 32, and to assess the antioxidant 
capacity of wines, teas and fruit juices using flow injection analysis 31, 33. 
In this work we describe the first use of an on-line DPPH• assay to provide a 
detailed antioxidant profile of coffee samples, which also serves as the first 
direct comparison of on-line DPPH• radical decolourisation and acidic potassium 
permanganate chemiluminescence assays 5. In this chapter uni-dimensional HPLC 
is used. 
3.2 Experimental 
3.2.1 Chemicals, Reagents and Samples 
All mobile phases were prepared from HPLC-grade solvents purchased from 
Merck (Kilsyth, Victoria, Australia). All chemicals were commercially available. 
Potassium permanganate, 2,2-diphenyl-1-picrylhydrazl (DPPH˙) and sodium 
hexametaphosphate (crystals, +80 mesh) were purchased from Chem-Supply 
(Gillman, SA, Australia), respectively. Milli-Q water (18.2 MΩ) was prepared in-
house and filtered through a 0.2 μm filter. 
Reagents: The DPPH˙ reagent (0.1 mM) was prepared in methanol. Solutions 
were prepared daily and protected from light. The acidic potassium 
permanganate reagent (5 x 10-4 M) was prepared by dissolution of potassium 
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permanganate in a 1% (m/v) sodium hexametaphosphate solution adjusted to 
pH 2.3 with sulphuric acid. 
Samples: Sealed cartridges of Nestlé ‘Ristretto’, ‘Gold’ and ‘Decaffeinatto’ 
espresso coffees were purchased. The samples were brewed using a Nespresso 
coffee-maker, using the respective cartridges (5 g each). The coffee brews for 
analysis were prepared by diluting a 30 mL shot in water (1:4). All samples prior 
to injection into the HP LC system were filtered through 0.45 μm pore filter. 
Section 3.2.2 Instrumentation 
Chromatographic Separation: All chromatographic experiments were conducted 
using a Waters 600E Multi Solvent Delivery HPLC system equipped with Waters 
717 plus auto injector, two Waters 600E pumps, two Waters 2487 series UV/VIS 
detectors and two Waters 600E system controllers. Separations were performed 
on either a Kinetex 90 Å C18 (100 mm x 4.6 mm, 2.6 μm, Pd) column or a 
SphereClone 100 Å C18 (150 mm x 4.60 mm, 5 μm, Pd) column. Linear gradient 
conditions were employed on both columns, starting at an initial mobile phase 
composition of 100 % water and running to a final mobile phase composition of 
100 % methanol, at a rate of 5 % per min. The flow rate was 1 mL/ min and the 
injection volumes were 10 μL. After UV-Absorbance detection (280 nm), the 
eluate stream was split (50:50 ratio, controlled with a pressure regulator) at a T-
piece for two simultaneous online assays. 
On-line DPPH˙ assay: One half of the eluate stream (0.5 mL/min) was combined 
with the DPPH˙ reagent (0.66 mL/ min) at a T-piece. Then combined stream 
entered a reaction coil (volume: 100 μL) which was submersed in a water bath 
maintained at 60°C. Radical scavenging compounds were detected as a decrease 
in absorbance at 517 nm. 
On-line Chemiluminescence Assay: The other half of the eluate streams (0.5 mL/ 
min) was merged with acidic potassium permanganate reagent at a T-piece, 
immediately prior to entering a flow-through chemiluminescence detection cell, 
comprising a transparent coiled tube in a light-tight housing. For comparison, the 
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respective chromatograms were adjusted to account for the differences in 
volume between the column and the detectors for the DPPH˙ and 
chemiluminescence assays. 
3.3 Results and Discussion 
3.3.1 Separation and Detection Conditions 
In this work a reverse phase separation with UV-absorbance and two on-line 
chemical assays (DPPH˙ decolourisation and acidic potassium permanganate) 
have been combined. During this work a short reaction coil (100 μL) heated to 
60°C was utilised. This was done to provide sufficient reaction with minimal band 
broadening, despite most of the work reported to date using on-line DPPH assays 
incorporating larger reaction coils constructed from 13 to 15 m of 0.25 mm i.d. 
tubing 73, providing reactor volumes of 600 μL. However, it should be noted that 
significantly lower volumes have been successfully used 75. The 
chemiluminescence detector consisted of tightly coiled transparent tubing (~40 
cm of 0.8 mm i.d.), mounted against a photomultiplier tube. The aqueous-
methanol gradient conditions selected for this separation ran from 0 to 100 % 
methanol at a rate of 5 % per min. These conditions were selected as they are 
compatible with both DPPH˙ decolourisation 73 and permanganate 
chemiluminescence 32 assays.  
The choice of the mobile phase employed can have a significant effect on the 
chemiluminescence response 32. Acetonitrile increases the background emission 
and has substantial quenching effects 76-79. THF has minimal quenching 80 
however, it produces high background emissions 47. Methanol is commonly used 
for HPLC with acidic potassium permanganate chemiluminescence 76, 77, 79 as it 
exhibits both inhibition 80 and enhancement 81 under specific conditions which 
can be tailored towards the purpose of individual experiments. 
When combined with chromatographic separation, each of these three modes of 
detection offers a distinct perspective on the character of these highly complex 
sample matrices. The majority of solutes with a suitable chromophore can be 
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detected by UV-Vis absorption. 280 nm is the most commonly used for the 
quantitative post-column detection of phenolic antioxidants in food 82, however 
it is not specific to the functional group and it provides no indication of reactivity. 
In contrast, selectivity is imparted in DPPH˙ decolourisation and permanganate 
chemiluminescence by the reactivity of a compound towards the respective 
reagent 28, 83. The DPPH˙ reagent is consumed by radical scavenging compounds 
to produce chromatograms with negative peaks from a high baseline signal when 
measured at 517 nm 73. The acidic potassium permanganate reagent provides 
detection of phenols and other readily oxidisable compounds with high 
sensitivity, based on the emission of light from the excited manganese(II) 
product of the reaction 84. Permanganate chemiluminescence produces positive 
signals on a low, stable baseline. The two assays are susceptible to very different 
interferences, for example colour pigments of natural products that absorb light 
at the same wavelength as that used to measure DPPH˙, and the remarkable 
sensitivity of the permanganate reagent towards certain phenolic alkaloids such 
as morphine and oripavine 41.  
The importance of separation efficiency and the ramifications it has on detection 
is illustrated by a series of chromatograms in Figure 3.3.1. These chromatograms 
demonstrate the separation achieved using a SphereClone C18 column, packed 
with porous 5 μm particles and a Kinetex C18 column, containing ‘core-shell’ 2.6 
μm particles, for the same sample under identical conditions. In each case, the 
upper trace represents the UV-absorbance detection and the lower trace the 
response for the DPPH˙ assay. 
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Figure 3.3.1 Chromatograms for the Ristretto sample, separated on a) SphereClone and 
b) Kinetex columns with response for UV-absorbance detection and DPPH˙ assay. A, B 
and C are example peaks that illustrate differences between columns 
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The difference between the results obtained with the two columns was 
significant. For example, the details of the DPPH˙ response in the first 5 min of 
the analysis were lost in the complexity of the separation achieved on the 
SphereClone column, whereas the use of the Kinetex column allowed the direct 
association of many UV-absorbance peaks with DPPH˙ detected bands. Three 
examples, labelled A, B and C (of which C is caffeine) in Figure 3.3.1b, has 
virtually no DPPH˙ response. Two of these bands were observed in the separation 
on the SphereClone column, however the third was less obvious.  Greater 
separation could have been obtained on the SphereClone column by decreasing 
the gradient rate, but at the detriment of analysis time and band broadening. 
Better separation was achieved on the shorter Kinetex column, using the same 
gradient rate and analysis time. As a result the Kinetex column was used for all 
further experimentation.  
3.3.2 Comparison of Espresso Coffees 
The chromatograms obtained with UV-absorbance are shown in Figure 3.3.2. The 
three coffees exhibited very similar fundamental chemical composition, within 
the limitations of the information that could be derived from a uni-dimensional 
separation of such a highly complex matrix. In general, the sample complexity of 
the ‘Ristretto’ coffee was greater than those of both the ‘Decaffeinato’ and the 
‘Gold’ espressos, which is consistent with the product description. The 
chromatographic profiles of the ‘Gold’ and ‘Decaffeinato’ espressos were almost 
perfectly overlaid, thus it is may be suggested that the decaffeinated coffee was 
derived from similar beans to those used in the preparation of the ‘Gold’ 
espresso.  
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Figure 3.3.2 Chromatograms for separation on Kinetex column and UV-absorbance 
detection, of ‘Ristretto’, ‘Gold’ and ‘Decaffeinatto’ café espresso samples. 
 
The chromatograms obtained with the DPPH˙ decolourisation and permanganate 
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detection for the ‘Ristretto’ sample. Table 1 lists the most significant peaks in all 
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value of 3. 
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Peak Retention time (min) UV DPPH˙ CL 
1 1.09 3 1 2 
2 1.18 3 1 2 
3 2.13 3 3 3 
4 2.50 1 1 3 
5 2.71 3 2 3 
6 3.50 1 3 2 
7 4.71 3 0 2 
8 6.57 3 3 3 
9 7.40 0 0 3 
10 7.87 3 0 0 
11 8.73 1 3 3 
12 10.20 1 0 3 
13 10.45 3 0 0 
14 11.87 3 0 0 
15 12.44 3 1 1 
16 13.50 3 3 3 
17 13.85 3 3 3 
18 14.23 3 2 3 
19 14.52 3 1 0 
20 14.69 3 0 0 
21 15.65 0 0 3 
 
Table 1 Key peaks in chromatograms for the Ristretto coffee sample obtained using UV-
absorbance, DPPH˙ and chemiluminescence modes of detection 
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Figure 3.3.3 a) Chromatograms for the separation of ‘Ristretto’ coffee with (A) UV-
absorbance detection (B) DPPH decolourisation assay, and (C) acidic potassium 
permanganate assay. b) and c): As above, with close up view of 0-10 min and 10-20 min, 
respectively. 
-1.00 
-0.50 
0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
0 5 10 15 20 25 
In
te
ns
ity
 
Retention Time (min) 
A 
B 
C 
-1.00 
-0.50 
0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
0 2 4 6 8 10 
In
te
ns
ity
 
Retention Time (min) 
-1.00 
-0.50 
0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
10 12 14 16 18 20 
In
te
ns
ity
 
Retention Time (min) 
 59 
 
2 
Of the 21 peaks listed in Table 1, 19 components were observed with UV-
absorbance (280 nm) detection, with 70% yielding a strong response. Only 13 of 
the components responded to DPPH˙ assay, with 28% showing a strong response. 
In the chemiluminescence assay, 16 components were seen, with 52% showing a 
strong response. This indicates that the chemiluminescence reagent is sensitive 
towards a wider range of oxidisable sample components when compared to 
DPPH˙, and clearly illustrates the advantages of employing multiple modes of 
detection when searching for bioactive compounds in complex matrices. Each 
mode was able to discriminate between sample components depending on 
certain characteristics. In particular, it was interesting to examine the degree of 
discrimination between chemiluminescence and DPPH˙ assays, which revealed 
the different behaviour of various oxidisable compounds contained in the coffee 
samples. Hence, using multiple modes of detection may aid in not only 
identifying antioxidant species, but also understanding their mode of action.  
Comparison of the three coffee samples based on permanganate 
chemiluminescence or DPPH˙ decolourisation assay (see Figure 3.3.4) shows a 
degree of similarity akin to that observed with UV-absorbance detection. 
Interestingly, the overall intensity of the response for both assays was aligned 
with the flavour ‘intensity’ scale provided by the manufacturer (2, 4 and 10 for 
‘Decaffeinatto’, ‘Gold’ and ‘Ristretto’ respectively).  
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Figure 3.3.4 Chromatograms for ‘Ristretto’, ‘Gold’ and ‘Decaffeinatto’ samples: a) acidic 
potassium permanganate assay and b) DPPH˙ decolourisation assay. 
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in scavenging HO˙ radicals. This demonstrates an important limitation of off-line 
and on-line in vitro assays for antioxidant activity, where some compounds that 
do not respond to particular assays may still exhibit significant activity under 
other conditions. Nevertheless, the overall antioxidant profile of the 
‘Decaffeinatto’ coffee sample was similar to those of the ‘Gold’ and ‘Ristretto’ 
samples (rich in compounds that responded to both on-line assays) and it is 
therefore likely that the decaffeinated coffees have similar positive effects on 
human health. 
 
The work from this chapter can been seen summarised in the publication 
entitled: High performance liquid chromatography with two simultaneous on-line 
antioxidant assays: Evaluation and comparison of espresso coffees 5. 
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4.1 Introduction 
Natural products are known for their chemical diversity, often containing 
thousands of components. Many of these components have chemical and 
physical similarities and are often present in low abundances 34. Due to the 
complexity of natural products and their matrices two-dimensional high 
performance liquid chromatography (2D HPLC) has recently attracted attention 
as a means for analysis 35-38.  
Coffee brews are one such example of complex biological matrices, and the use 
of uni-dimensional HPLC doesn’t provide sufficient separation power for their 
characterisation. In this work we demonstrate the application of two-
dimensional HPLC in combination with UV-absorbance and chemiluminescence 
in order to characterise and isolate key antioxidants in espresso coffees. By 
employing two-dimensional HPLC the separation power of our system is 
improved as a result of the increased peak capacity. A comparative study was 
also undertaken that tested three types of café espresso coffees, including a 
decaffeinated variety 6, 34.  
4.2 Experimental 
4.2.1 Chemicals, Reagents and Samples 
Chemicals and Reagents: All mobile phases were prepared from HPLC grade 
solvents and were purchased from Lomb Scientific (Tarren Point, NSW, 
Australia). Sodium hexametaphosphate (crystals, +80 mesh) was purchased from 
Merck (Kilsyth, Victoria, Australia). Potassium permanganate was purchased 
from Chem-Supply (Gillman, SA, Australia). Milli-Q water (18.2 MΩ) was obtained 
in-house and filtered through a 0.2 μm filter. 
Reagents: The chemiluminescence reagent was prepared by dissolution of 
potassium permanganate (5 x 10-4 M) in a 1% m/v sodium hexametaphosphate 
solution, and was adjusted to pH 2.3 with sulphuric acid. 
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Sample preparation: The cartridges of ‘Ristretto’, ‘Decaffeinatto’ and ‘Volluto’ 
espresso coffees were obtained from the local market (Nespresso Australia, 
North Sydney, NSW, Australia). The coffee brews were prepared as a 30 mL shot 
using a ‘Nespresso’ coffee-maker, using the respective cartridges (5 g each). All 
samples were filtered through 0.45-μm pore filter prior to injection into the HP 
LC system. 
4.2.2 Instrumentation 
All chromatographic experiments were conducted using a Waters 600E Multi 
Solvent Delivery HPLC system equipped with Waters 717 plus auto injector, two 
Waters 600E pumps, two Waters 2487 series UV/VIS detectors and two Waters 
600E system controllers.  Chromatographic separations were performed on a 
Phenomenex Luna 100 Å CYANO (150 mm x 4.60 mm, 5 μm, Pd) column in the 
first dimension, and a SphereClone 100 Å C18 (150 mm x 4.60 mm, 5 μm, Pd) 
column in the second dimension (Phenomenex, Lane Cove, NSW, Australia). The 
same linear gradient conditions were employed on both columns, starting at an 
initial mobile phase composition of 100% water and running to a final mobile 
phase composition of 100 % methanol, at a rate of 10% per min. The flow rate 
was 1 mL/min and injection volumes in the first dimension were 100 μL. The 
chromatographic interface between the first and second dimensions consisted of 
electronically controlled two-position six-port valves fitted with micro-electric 
two-position valve actuators that allowed alternate sampling of the elute from 
the first dimension into the second dimension.  Following UV-absorbance 
detection (280 nm), the HPLC column elute was sent to a chemiluminescence 
detector comprising of a T-piece and transparent reaction coil mounted against 
the widow of a photomultiplier tube within a light-tight housing.  
4.2.3 Comprehensive “Heart-Cutting” two-dimensional Separation 
The comprehensive heart-cutting two-dimensional HPLC analysis of each coffee 
brew was undertaken such that the eluent flow stream from the first dimension 
(200 μL) was transferred using a heart-cutting process into the second 
dimension. After the second dimension separation was completed, another 
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sample was injected into the first dimension. The heart-cutting process was 
repeated, each time sampling every second 200 μL portion of eluent from the 
first dimension. In total, the first dimension was sampled 34 times, resulting in a 
total analysis time of 21 hours. Data plotting and calculation of peak recognition 
was undertaken using Mathematica 7  87.  
4.3 Results and Discussion 
Figure 4.3.1 illustrates the two-dimensional surface plot of the 
chromatographic separation of (a) ‘Ristretto’, (b) ‘Decaffeinato’, and (c) 
‘Volluto’ coffee brews using UV-absorbance detection. In each case the first 
dimension has a cyano phase and the second dimension a C18 phase. In both 
dimensions an aqueous-methanol system was employed with a gradient of 
100% aqueous to 100% methanol. Each of these three samples produced very 
similar chromatographic elution profiles across the two-dimensional plane, 
which was not unexpected given the similarity of their uni-dimensional 
separations, described in previous works 6. A noteworthy difference between 
each sample of coffee was the intensity of the elution profiles, which 
decreased in accordance to the label claim associated with the ‘strength’ of 
the brew.  
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Figure 4.3.1 Two-dimensional separations of a) ‘Ristretto’, b) ‘Decaffeinatto’ and c) 
‘Volluto’ café espresso. 
 
The retention displacement of the sample was effectively reduced to three 
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(C18). The retention correlation was almost 0, proving that these two dimensions 
were orthogonal for the compounds separated here. The compounds in region B 
were selectively separated on the cyano phase, with less separation on the C18 
phase. In this region correlation between both dimensions increased, yet the 
correlation coefficient was only ~0.5, indicating significant differences were still 
apparent in the retention mechanisms between the dimensions. Amongst the 
compounds in region B and dominating the separation plane, was caffeine as the 
most abundant species within the entire sample. Compounds in region C were 
strongly retained on both phases, and hence correlation in this region of the 
separation increased to a correlation coefficient of ~0.8 34. 
In comparison to the two-dimensional separations shown in Figure 4.3.1, 
limited information about the sample can be obtained from either respective 
first dimension separation. Figure 4.3.2 shows an example of the separation 
of the ‘Ristretto’ coffee obtained on the cyano column under the conditions 
employed for the two-dimensional separation. This separation shows a 
continuum of sample, partly due to the complexity of the sample and the fact 
that the peak capacity has been exceeded, and partly because the column 
was overloaded with sample. Nevertheless, even at lower sample loads the 
sample contains too many components to yield separation in a 
unidimensional sense 5. 
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Figure 4.3.2 One-dimensional separation of ‘Ristretto’ café espresso on Cyano 
column, using an aqueous-methanol gradient system running from 100 % aqueous to 
100 % methanol 
 
 
Figure 4.3.3 illustrates the separation on the C18 column (unidimensional 2nd 
dimension separations) of heart-cut fractions from the first dimension of the 
weakly retained species on the cyano column for each of the three coffee 
samples (a) ‘Ristretto’, (b) ‘Decaffeinatto’ and (c) ‘Volluto’. The heart-cut 
sections were made at 3.2 minutes from the Cyano dimension. These 
separations highlight the significant change in selectivity (practically 
orthogonal) between each dimension 34 and at the same time illustrate some 
of the differences between each of these coffee brews. 
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Figure 4.3.3 Heart-cut segment separation of ‘Ristretto’ (green), ‘Decaffeinato’ 
(yellow) and ‘Volluto’ (purple) café espresso on C18 column at 3.2 min. 
   
 
Each of the three espresso samples showed similar bulk behaviour, however 
subtle differences in their chemical composition, as well as the lack of caffeine 
evident in the ‘Decaffeinato’ sample (see Figure 4.3.1b).  It is surprising to note 
the specificity associated with the removal of caffeine in the decaffeinated 
sample. Examination of the compounds that neighbour the caffeine peak across 
both dimensions reveals that there was limited interference to these 
compounds, although a new peak is apparent in the ‘Decaffeinato’ sample that 
neighbours the caffeine band region. This compound is not present in either the 
‘Ristretto’ or ‘Volluto’ samples. However, both the ‘Ristretto’ and ‘Volluto’ 
samples have a single compound eluting at 10.8 minutes that is absent from the 
‘Decaffeinato’ sample. Figure 4.3.4 illustrates the uni-dimensional heart-cut slice 
separated on the C18 column derived from the 7.6 minute region on the cyano 
dimension, for the ‘Ristretto’, ‘Decaffeinato’ and ‘Volluto’ samples, illustrating 
the subtle differences associated with this region of the sample. These 
differences could only be visualised through high peak capacity separations.  
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Figure 4.3.4 Overlay of separations of ‘Ristretto’ (green), ‘Decaffeinato’ (yellow) and 
‘Volluto’ (purple) café espresso on C18 column heart-cut at 7.6 min 
 
It is worth further detailing some of the differences that were apparent in Figure 
4.3.3, between the heart-cut section of each of the three coffee samples at 3.2 
minutes of the cyano phase. In this particular heart-cut region, all three coffee 
samples were different. In particular, the ‘Decaffeinato’ coffee was the least 
complex, with a lower total intensity. Of note is the presence of two bands 
labelled as ‘A’ and ‘B’ that were present in the ‘Ristretto’ and ‘Volluto’ coffees. 
Neither of these bands were present in the ‘Decaffeinato’ coffee. This 
demonstrates the fingerprinting potential of this technique, especially for the 
description of sensory attributes of food samples. 
Figure 4.3.5 illustrates the surface plots of two-dimensional separations for 
each of the three coffee brews (‘Ristretto’, ‘Decaffeinato’ and ‘Volluto’) using 
the acidic potassium permanganate chemiluminescence detection. In contrast 
to UV-absorbance detection, an intense emission with this 
chemiluminescence reagent is indicative of a reducing agent (antioxidant) 
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with relatively high concentration and/or reactivity. Substantial differences in 
the UV-absorbance and chemiluminescence detection were apparent. Most 
notable was the complete absence of the caffeine band in the 
chemiluminescence profile of both the caffeinated samples. Furthermore, the 
new band labelled as (A) in Figure 4.3.4 was not responsive to this 
chemiluminescence reagent. 
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Figure 4.3.5 Chemiluminescence detection plots of a) ‘Ristretto’, b) ‘Decaffeinato’  
and c) ‘Volluto’ café espressos 
 
More importantly, the chemiluminescence detection enabled visualisation of 
compounds with ‘apparent high antioxidant activity’ that were almost entirely 
absent in the UV-absorbance detection mode, therefore providing 
complementary information about the sample components. The 
chemiluminescence detection primarily exhibited sensitivity towards the 
range of compounds present in regions A and C (see Figure 4.3.1) of the 
sample, and was not responsive to compounds in region B, suggesting that 
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most compounds in that region are not significant antioxidants. In contrast, 
compounds highlighted as 1 in Figure 4.3.5 responded weakly in terms of  UV-
absorbance, but exhibited intense chemiluminescence, indicating that these 
compounds may possess strong antioxidant activity. Also of interest is the 
elution of the band labelled as 2 in Figure 4.3.5, which was only visible in the 
chemiluminescence mode of detection. 
 
Another region of distinct difference in the detection responses is that of region 
3 in Figure 4.3.5, where reasonably strong chemiluminescence is observed, but 
only weak UV absorption. These differences are more clearly shown in the series 
of UV-absorbance and chemiluminescence detection responses separated on the 
C18 dimensions from heart-cut sections at 3.2 minutes on the cyano column 
(Figure 4.3.6). Overall, the benefit of such combinations of different modes of 
detections, complementary to each other, is substantial and especially important 
in bio-assay based screening analysis. Furthermore, the ability to detect 
potentially bio-active compounds, and the enhanced separation power of the 
two-dimensional system would enable the rapid isolation of these targeted 
components from within this complex sample matrix. 
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Figure 4.3.6 UV-absorbance and chemiluminescence detection response of heart-cut 
fractions of a) ‘Ristretto’, b) ‘Decaffeinato’ and c) ‘Volluto’ café espresso at 2.8 min. 
Green and purple lines represent UV-absorbance and chemiluminescence response, 
respectively. 
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There are numerous subtle differences between each of these three coffee 
brews, depicted in both the UV-absorbance and chemiluminescence detection 
modes. However, they are too complex to note individually; rather, it is 
simpler to state the difference in the number of components that were 
separated and subsequently detected.  These variations may in part arise 
because of the strength profile in each coffee brew. The number of detected 
peaks for each sample (Table 1) was established using a peak picking 
algorithm, designed by Stevenson et al 87. The least number of peaks, in both 
modes of detection, was observed in the ‘Decaffeinatto’ sample, which was 
described by the manufacturer as the ‘weakest’ of the coffee brews. The 
strongest of the coffee brews, ‘Ristretto’, had the most number of peaks 
visible in the chromatograms obtained using UV-absorbance and 
chemiluminescence detection. The ‘Volluto’ sample had the second most 
peaks and lied inbetween the other two coffee with ‘medium’ strength . 
 
Coffee Flavour UV detected peaks CL detected peaks 
Ristretto 138 65 
Volluto 88 56 
Decaffeinato 68 44 
 
Table 1 Number of peaks detected for each café espresso flavour for both UV-
absorbance and chemiluminescence detection. 
 
4.4 Conclusions 
Overall, the data obtained through the current combination of two-
dimensional separations with both UV-absorbance and acidic potassium 
permanganate chemiluminescence detection offers relevant and 
comprehensive information for chemical matrix characterisation and could 
serve as a fingerprint for the particular sample description. Furthermore, the 
technique can be used to target the isolation of key antioxidants from these 
complex matrices with a relative degree of simplicity. These types of analyses 
also have the potential to simultaneously generate valuable data on the bio-
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markers that will be of particlular importance for designing complete 
“beneficial”  food compositional tables required for epidemiological research.  
 
The work from this chapter can been seen summarised in the publication 
entitled: The analysis of café espresso using two-dimensional reversed phase-
reversed phase high performance liquid chromatography with UV-Absorbance 
and chemiluminescence detection 6. 
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Chapter 5   
The Assessment of Selectivity Stationary Phases for Two-
Dimensional High Performance Liquid Chromatography Analysis of 
Thebaine Rich Extract 
x Introduction 
x Experimental 
- Chemicals and Samples 
- Chromatography Columns 
- Instrumentation 
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- First Dimensional Separation 
- Second Dimension Separation 
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5.1 Introduction 
Opiate alkaloids and their semi-synthetic derivatives are used extensively in 
medicine 41. As a result, the ability to reliably determine the Papaver somniferum 
alkaloids in raw plant materials, industrial process streams and pharmaceutical 
formulations is of considerable importance 41. In general, the determination of 
opiate alkaloids involves the use either HPLC or CE with UV-absorbance, 
fluorescence, electrochemical, chemiluminescence and/or mass spectrometry 
detection 32, 40, 41, 46, 50, 88 as well as techniques such as Fourier transform infrared 
(FTIR) 40, 89 and flow injection chemiluminescence 48, 90.  
Each of these methods has their advantages and drawbacks. FTIR and flow 
injection analysis are both relatively simple, sensitive and fast techniques, 
however they are more suited towards identifying targeted compounds rather 
than characterisation of a complex matrix as a whole. HPLC has been extensively 
used for the determination of opiate alkaloids, however given the complex 
nature of the sample, and the fact that it contains a multitude of closely related 
compounds, it tends to interfere with separation of the opiate alkaloids. By 
employing two-dimensional HPLC techniques one can improve the separation 
power of unidimensional HPLC systems for the separation of various compounds 
in such a complex biological matrix. By linking two-dimensional HPLC with UV-
absorbance, chemiluminescence and mass spectrometric detection it is possible 
to gain comprehensive information about a sample matrix. 
The aim of this study was to characterise the chosen opiate sample as a whole, 
rather than just the determination of specific analytes. The experiments to 
follow, investigate selectivity with respect to the behaviour of a complex sample 
derived from natural origin, containing a multitude of components. In this study 
the focus is on general selectivity rather than specific functional differences. In 
order to illustrate this process the separation of compounds within a thebaine 
rich extract from GlaxoSmithKline’s processing streams, on a number of π-
selective stationary phases, employing two-dimensional HPLC techniques were 
assessed. This was done in order to maximise the separation power of the two-
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dimensional system for extended studies on the analysis of thebaine, morphine 
and noscapine rich extracts. These studies were focused on the characterisation 
of the opiate sample as a whole in order to identify unknown opiate alkaloids 
and impurities. This process was based on the development of a platform for the 
analysis of real samples, which leads up to the analysis of thebaine rich extract. 
5.2 Experimental 
5.2.1 Chemicals and Samples 
Chemicals: All mobile phases were prepared from HPLC grade solvents and 
deionised water (Continental Water Systems, VIC, Australia). Solvents were 
obtained from the following sources: methanol from Scharlau Chemie 
(Sentmenat, SPAIN), acetonitrile from Ajax FineChem (Tarren Point, NSW, 
Australia) and tetrahydrofuran from Chem-Supply (Gillman, SA, Australia).   
Samples: Rich extract samples were obtained from GlaxoSmith Kline (Port Fairy, 
VIC, Australia. Rich extract samples are the result of a series of confidential steps 
of extraction and purification using a series of alkaline, acidic and solvent 
extractions. All samples prior to injection into the HPLC system were filtered 
through 0.45 μm pore filter. 
5.2.2 Chromatography Columns 
All chromatography columns were supplied by Phenomenex (Lane Cove, NSW, 
Australia). Five different functionalities were tested: Luna 100 Ǻ cyano (CYANO), 
Luna 100 Ǻ amino (NH2), Gemini 110 Ǻ C18, Luna pentafluorophenyl (PFP(2)) and 
a Luna Hydrophilic Interaction Liquid Chromatography (HILIC) . All column 
formats were 150 u 4.6 mm, packed with 5 μm particles.  
5.2.3 Instrumentation 
All chromatographic experiments were conducted using an Agilent Technologies 
1200 series HPLC system equipped with two quaternary pumps, solvent degasser 
system, autosampler, and diode array, UV-absorbance and chemiluminescence 
detectors (Agilent Technologies, Victoria, Australia). Hewlett-Packard 
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Chemstation software (Agilent Technologies) was used to control the HPLC 
system.  
First Dimensional Separation: First dimensional separations were performed on 
each of the five column functionalities and selectivity studies were undertaken in 
aqueous solvents of methanol, acetonitrile and THF. In this report we use the 
results derived from the aqueous methanol system with the PFP and the cyano 
column as these systems yielded the greatest degree of separation performance. 
The aqueous acetonitrile system was employed in the second dimension as a 
methanol or THF system is not conducive to the chemiluminescence of the 
ruthenium reagent required for the detection of thebaine. All separations, in 
both dimensions, were operated under linear gradient conditions, starting with 
100% aqueous mobile phase and finishing with 100% methanol/acetonitrile 
mobile phase, at a gradient rate of 10% per min then held at 100% organic for 2 
minutes. All flow rates were 1 mL/min and injection volumes were 100 μL into 
the first dimension 
Second Dimension Separations: Initially second dimension separations were 
performed on the remaining four column functionalities (C18, NH2, HILIC and 
cyano or PFP columns), using gradient elution with an initial mobile phase of 
100% per water, running to a final mobile phase of 100% acetonitrile, at a 
gradient rate of 10% min. The flow rate was 1 mL/min. The transfer volume from 
the first dimension to the second dimension was 200 μL. UV absorbance 
detection was set at 280 nm. The system with the PFP column in the first 
dimension and the C18 column in the second dimension yielded the greatest 
amount of detected peaks and was therefore used for the rest of the study. 
However, in order to help separate and resolve some of the regions with 
condensed areas of high peak density a change in the gradient of the second 
dimension was employed. The changed gradient conditions are as follows: the 
C18 column started with an initial mobile phase composition of 100% water and 
holding at 100% for two minutes. The gradient then ran from 100% water to 70% 
water at 5 minutes and to 100% acetonitrile at 20 minutes. The gradient was 
then held for 2 minutes at 100 % acetonitrile.  
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Operation: A ‘comprehensive’ or, more correctly, an incremental heart-cutting 
approach was used to express the two-dimensional peak displacement, by which 
a 200 μL heart-cut section was transferred to the second dimension, with 
subsequent second dimension separation being undertaken. The first 
dimensional separation was repeated, following which another 200 μL first 
dimension fraction was transferred to the second dimension. This was repeated 
at every 0.4 mL across the entire first dimension separation, i.e. the first 
dimension separation was repeated a total of 33 times over a 19 hour period.  
5.3 Results and Discussion 
5.3.1 First Dimensional Separation 
In this work an array of stationary phases were evaluated for the separation of 
thebaine rich extract. The following five stationary phases were examined: a 
cyano, a C18, a NH2, a PFP and a HILIC phase. These stationary phases were tested 
with mobile phases consisting of methanol, acetonitrile or tetrahydrofuran (THF). 
The chromatograms in Figure 5.3.1(a to f) show the uni-dimensional separations 
of the thebaine rich extract with the aforementioned columns. The six 
chromatograms presented show variations in the features of the set of fifteen 
obtained from these experiments. The mobile phase in each case was a gradient 
of 100% aqueous to 100% organic (methanol, acetonitrile or THF), at a rate 10% 
per min then holding at 100% organic solvent for 2 min. 
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Figure 5.3.1 Example chromatograms for the uni-dimensional separation of thebaine 
rich extract a) PFP with methanol b) NH2 with methanol c) cyano with acetonitrile d) 
HILIC with acetonitrile e) cyano with THF f) NH2 with THF 
 
Changes in selectivity were apparent on each column, however some performed 
significantly better than others. The columns tested with THF displayed a limited 
number of peaks, and therefore were excluded from further experiments (for 
example Figure 5.3.1 f). The NH2 column with methanol (Figure 5.3.1 b) and 
acetonitrile also displayed few peaks and were excluded from further 
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experiments. The C18 column with methanol, the HILIC column with methanol, 
the C18 column with acetonitrile and the PFP column with acetonitrile all 
performed well. These columns displayed more peaks and better separation than 
those previously mentioned. The PFP column with methanol (Figure 5.3.1 a), the 
cyano column with methanol and the cyano column with acetonitrile (Figure 
5.3.1 c) performed the best. These chromatograms displayed numerous peaks 
and good use of the available separation space. The chromatograms for the 
cyano column with methanol and with acetonitrile (see Figure 5.3.2 a and b) 
were very similar, however with acetonitrile there appeared to be more peaks 
present during the period of 5 to 10 minutes, which is favourable. As a result it 
was determined that acetonitrile was a superior solvent to methanol in 
conjunction with the cyano column.   
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Figure 5.3.2 Chromatograms for the uni-dimensional separation of thebaine rich extract 
with cyano column and a) methanol b) acetonitrile 
 
Overall it was established that the PFP column with methanol and the cyano 
column with acetonitrile were the best performers and as a result these columns 
were selected for further testing in the second dimension studies.  
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5.3.2 Second Dimension Separations    
The PFP column with methanol for the mobile phase and the cyano column with 
acetonitrile for the mobile phase were coupled to the remaining four stationary 
phases; the C18, NH2, HILIC, cyano and/or PFP. The chromatograms in Figure 
5.3.3(a to d) show the two-dimensional separations of the thebaine rich extract 
with PFP in the first dimension and the remaining column functionalities in the 
second dimension. The chromatograms in Figure 5.3.4(a to d) show the two-
dimensional separations of thebaine rich extract with cyano in the first 
dimension and the remaining column functionalities in the second. The mobile 
phase in each case was a gradient of 100% aqueous to 100% acetonitrile at a rate 
of 10% per min, followed by 100% acetonitrile for 2 min. It is important to note 
that the second dimension columns were tested using acetonitrile as the 
ruthenium reagent used for the chemiluminescence detection of thebaine isn’t 
compatible with methanol or THF 32. 
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Figure 5.3.3 Two-dimensional separations of thebaine rich extract with PFP column in 
the first dimension and a) C18 b) NH2 c) cyano d) and HILIC column in the second 
dimension. 
  
a)           b) 
 
 
 
 
 
 
 
c)               d) 
 87 
 
2 
 
 
Figure 5.3.4 Two-dimensional separations of thebaine rich extract with cyano column in 
the first dimension and a) C18 b) NH2 c) PFP d) and HILIC column in the second 
dimension. 
 
The two-dimensional chromatograms were assessed based on the number of 
peaks that were detected, the use of available separation space and the 
presence of a clean solvent line in order to determine which system would be 
best suited for the analysis of thebaine rich extract. Table 5.3.1 shows the 
number of peaks detected for each system. Based purely on the amount of peaks 
detected, there are four systems that clearly out perform the others: the PFP 
system with C18 and cyano in the second dimension and the cyano system with 
C18 and PFP in the second dimension. 
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1D column 1D Solvent 2D column 2D Solvent Peaks Detected 
PFP Methanol HILIC Acetonitrile 22 
NH2 28 
C18 72 
Cyano 45 
Cyano Acetonitrile HILIC Acetonitrile 26 
NH2 22 
C18 74 
PFP 59 
Table 5.3.1 Table of columns with detected peaks 
When looking at the contour plots (Figure 5.3.5a) it is clear that the PFP system 
with cyano in the second dimension is less than ideal. It lacks the presence of a 
clear solvent line and has overly broad peaks that are unresolved. The cyano 
system with C18 in the second dimension also lacks a clean solvent line. The 
presence of the red areas in the contour plots, indicate areas with high intensity 
peaks. As there are red areas in the solvent line it is clear that a significant 
amount of compounds aren’t being retained on the stationary phase and are 
eluting in the solvent front. This contour plot also shows multiple eluting peaks 
early on in the first dimension, which suggests, others are poorly retained and 
are eluting very early (see Figure 5.3.5b).  
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Figure 5.3.5   Contour plots of a) PFP system with cyano in the second dimension and b) 
cyano system with C18 in the second dimension 
 
The cyano system with PFP in the second dimension also shows high density 
peaks in the solvent line suggesting that some compounds aren’t being retained 
on the stationary phase and are eluting in the solvent front (see Figure 5.3.6a). 
This system also doesn’t have much of the available separation space in use. 
Lastly, the PFP system with C18 in the second dimension has a reasonably clear 
solvent so it is evident that there aren’t compounds eluting in the solvent front. 
A large amount of the available separation space is also in use. High intensity 
peaks can be seen, as well as multiple peaks of less intensity (see Figure 5.3.6b). 
 
 
 
 
 
 
 
a)             b) 
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Figure 5.3.6 Contour plots of a) PFP system with cyano in the second dimension and b) 
cyano system with C18 in the second dimension 
 
From the available data it was determined that the PFP system with C18 in the 
second dimension outperformed the other systems. However, in an attempt to 
improve the selectivity of the PFP stationary phase, experiments were conducted 
where the mobile phase started at 40% organic solvent in the second dimension 
rather than 0%. It was thought that this would improve the separation and 
resolution of peaks in the area of 7-9 minutes in the second dimension as there is 
a large area of high peak intensity here. The results of this experiment showed 
that this actually caused a larger area unresolved high intensity peaks with less 
separation and resolution than previously found. This is most probably due to 
peak tailing associated with large injection volumes. (see Figure 5.3.7).  
  
a)             b) 
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Figure 5.3.7 Contour plots of a) PFP system with C18 in the second dimension with 
original gradient and b) PFP system with C18 in the second dimension with gradient 
starting at 40% methanol 
 
An extension of the original gradient was tested to better separate the 
unresolved peaks by decreasing the gradient rate from 10% per min to 
approximately 4.6% per min between 30% organic and 100% organic. By doing so 
an improvement in the resolution of the first major peak in that section and 
extend the separation area utilised throughout that region was achieved (see 
Figure 5.3.8).  
 
 
Figure 5.3.8 Second dimension chromatograms of a) original gradient and b) extended 
gradient.  
0 
500 
1000 
1500 
2000 
2500 
3000 
3500 
0 5 10 15 
A
bs
or
ba
nc
e 
Retention Time (min) 
0 
500 
1000 
1500 
2000 
2500 
3000 
3500 
0 5 10 15 20 
A
bs
or
ba
nc
e 
Retention Time (min) 
a)             b) 
a)                             b) 
 92 
 
2 
When the extended gradient was applied to the full two dimensional separation 
the number of peaks detected were the same as with the original however the 
extended gradient showed better resolution within the area of previously 
unresolved high intensity peaks and better utilisation of the available separation 
space (see Figure 5.3.9). 
 
 
Figure 5.3.9 Contour plots of a) PFP system with C18 in the second dimension with 
original gradient and b) PFP system with C18 in the second dimension with extended 
gradient in the second dimension. 
 
5.4 Conclusions 
Through experimentation it was determined that the optimal HPLC system for 
the analysis of thebaine rich extract consisted of a first dimension with PFP as the 
stationary phase and methanol as the mobile phase and a second dimension 
with C18 as the stationary phase and acetonitrile as the mobile phase. The 
optimal gradient conditions in the first dimension were 0 to 100% methanol over 
10 minutes and holding 100% methanol for 2 minutes. The optimal gradient 
conditions in the second dimension was starting with an initial mobile phase 
composition of 100 % water and holding at 100 % for two minutes, then running 
from 100 % water to 70% water at 5 minutes and to 100% acetonitrile at 20 
a)             b) 
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minutes. The gradient was then held for 2 minutes at 100 % acetonitrile. With 
this system, approximately 70 peaks were able to be detected using UV 
absorbance. Figure 5.3.10 summarises these key results. 
 
 
Figure 5.3.10 a) First dimension chromatogram of thebaine on PFP stationary phase b) 
second dimension chromatogram of thebaine on C18 stationary phase and c) two-
dimensional contour plot. 
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6.1 Introduction 
The opium poppy species, Papaver somniferum, is one of the most important 
alkaloid bearing species of the family Papaveraceae. It contains over 80 alkaloids 
with the five major compounds including morphine, codeine, thebaine, 
nascapine and papaverine 43. These alkaloids are often used in medicine for pain 
relief, as they interact with the opioid receptors in the central nervous system 
and gastrointestinal tract 89, 91.  
In recent years global demand for thebaine (Figure 6.1.1) has increased from 5-8 
mega tonnes to 52 mega tonnes due to its non-narcotic properties and its 
importance as a component for the manufacture of a number of semi-synthetic 
pharmaceuticals, such as oxycodone, oxymorphine, buprenorphine 43. Due to its 
medicinal properties and high demand there is interest in thebaine and the 
identification of various other alkaloids found in Papaver somniferum. Originally 
thebaine was considered to be an ‘impurity’ and now it is widely used 51. As a 
result the identification of other ‘impurities’ may lead to new drug discovery 
and/or the improvement of current processes. In this work we demonstrate the 
application of developed two-dimensional HPLC platform in combination with 
UV-absorbance, tris(2-2’bipyridine)ruthenium(III) chemiluminescence and mass 
spectrometry detection for the characterisation of opiate alkaloids in thebaine 
drug processing streams.  
 
 
Figure 6.1.1 Structure of thebaine 
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Tris(2-2’bipyridine)ruthenium(III) chemiluminescence has been used for the 
detection of alkaloids, biomolecules, pharmaceuticals, and controlled drugs 
possessing tertiary or secondary amines and organic acids 50, 92-94. Ruthenium 
chemiluminescence is based on an initial electrochemical oxidation of the stable 
[Ru(bipy)3]2+ complex to form [Ru(bipy)3]3+ and the subsequent reaction with a 
suitable analyte to generate [Ru(bipy)3]2+*, which returns to ground state by 
emission of a photon 95 (see Figure 6.1.2).  
 
[Ru(bipy)3]2+                                           [Ru(bipy)3]3+ 
[Ru(bipy)3]3+                                                               [Ru(bipy)3]2+* 
[Ru(bipy)3]2+*                                         [Ru(bipy)3]2+   + hv (620 nm) 
Figure 6.1.2 Schematic for ruthenium chemiluminescence reaction. 
 
While ruthenium chemiluminescence is simple, the major limitation of the redox 
cycle is its poor stability of the [Ru(bipy)3]3+ species in aqueous solutions due, to 
its ability to oxidise the solvent 95. There have been attempts to overcome this 
problem by employing in-line chemical oxidation with cerium(IV) 96 or lead 
dioxide, immobilised on silica gel, as a solid phase reactor 97. These approaches 
have been extensively used in flow analysis 50, but have several drawbacks due to 
the need for extra instrumentation, incomplete generation of the [Ru(bipy)3]3+ 
and possible side reactions between the oxidant and analyte 95. [Ru(bipy)3]3+ has 
also been generated off-line in acidic solutions immediately prior to analysis 
using solid lead dioxide, which is removed from solution by filtration 50. This 
approach has been successfully utilised for highly sensitive detection in flow-
injection analysis and HPLC separations, but it is labour intensive and 
inappropriate for extended periods of use 49, 95. 
Attempts have been made to rectify this problem by increasing acidity or using 
recirculating systems, however these approaches perform inconsistently or are 
Oxidation 
Reduction 
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inappropriate for post column detection, where a constant stream of reagent is 
required 49. McDermott et al. 95 have described an approach to make a stable 
[Ru(bipy)3]3+ complex that can be applied for chemiluminescence detection in 
flow analysis techniques such as liquid chromatography, known as Reagent C. 
This reagent is stable for 48 hours making it more than sufficient for our 21 hour 
analysis time required in two-dimensional HPLC. In this work the application of 
Reagent C to the chemiluminescence detection of opiate alkaloids in thebaine 
drug processing streams has been demonstrated.  
6.2 Experimental 
6.2.1 Chemicals, Reagents and Samples 
Chemicals and Reagents: All mobile phases were prepared from HPLC grade 
solvents and were obtained from the following sources: methanol from Scharlau 
Chemie (Sentmenat, Spain) and acetonitrile from Ajax FineChem (Tarren Point, 
NSW,  Australia).  Deionised water (Continental Water Systems, VIC, Australia) 
was used throughout. Analytical grade reagents were obtained from the 
following sources: [Ru(bipy)3]Cl2.6H2O from Strem Chemicals (Minnesota, USA), 
perchloric acid (70%) from Univar (NSW, Australia), lead dioxide and sodium 
perchlorate from Ajax (NSW, Australia) and phosphorus pentoxide from Sigma-
Aldrich (NSW, Australia). 
Reagents: The chemiluminescence reagent, Reagent C was prepared by aqueous 
metathesis reaction between [Ru(bipy)3]Cl2 and NaClO4. In this approach, 400 mg 
of [Ru(bipy)3]Cl2.6H2O was dissolved in a minimum amount of water (~6 mL) at 
room temperature. Then 200 mg of solid NaClO4 was added to the solution 
which was thoroughly mixed and placed on an ice bath for 5 min. The 
[Ru(bipy)3](ClO4)2 precipitate was filtered, washed twice with ice water (~2 mL) 
and dried over phosphorus pentoxide for 24 hrs. The reagent solution (1 x 10-3 
M) was prepared by dissolving the crystals in acetonitrile containing 0.05 M 
HClO4. Lead dioxide (0.2 g per 100 mL) was then added, followed by stirring for 1 
min to allow formation of [Ru(bipy)3]3+ 95. 
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Sample preparation: Rich extract samples were obtained from GlaxoSmithKline 
(Port Fairy, VIC, Australia). Rich extract samples are the result of a series of 
confidential steps of extraction and purification using a series of alkaline, acidic 
and solvent extractions.  All samples prior to injection into the HPLC system were 
filtered through 0.45-μm pore filter. 
6.2.2 Instrumentation 
All chromatographic experiments were conducted using a Agilent Technologies 
1200 series HPLC system equipped with two quaternary pumps, solvent degasser 
system, autosampler, and diode array, UV-absorbance and chemiluminescence 
detectors (Agilent Technologies, Victoria, Australia). Hewlett-Packard 
Chemstation software (Agilent Technologies) was used to control the HPLC 
system. Chromatographic separations were performed on a Phenomenex Luna 
PFP(2) 100 Å (150 mm x 4.60 mm, 5 μm, Pd) column in the first dimension, and a 
Phenomenex Gemini 110 Å C18 (150 mm x 4.60 mm, 5 μm, Pd) column in the 
second dimension (Phenomenex, Lane Cove, NSW, Australia).   
Linear gradient conditions were employed on the PFP column, starting at an 
initial mobile phase composition of 100% water and running to a final mobile 
phase composition of 100% methanol over 10 minutes. The gradient conditions 
employed on the C18 column started with an initial mobile phase composition of 
100% water and holding at 100 % for two minutes. The gradient then ran from 
100% water to 70% water at 5 minutes, and to 100% acetonitrile at 20 minutes. 
The gradient was then held for 2 minutes at 100% acetonitrile. The flow rate was 
1 mL/min and injection volumes in the first dimension were 100 μL. The 
chromatographic interface between the first and second dimensions consisted of 
an electronically controlled two-position ten-port switching valves fitted with 
micro-electric two-position valve actuators that allowed alternate sampling of 
the elute from the first dimension into the second dimension.  Following UV-
absorbance detection (280 nm), the HPLC column elute was sent to a 
chemiluminescence detector comprising of a T-piece and transparent reaction 
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coil mounted against the widow of a photomultiplier tube in a light-tight 
housing.  
6.2.3 Comprehensive “Heart-Cutting” two-dimensional Separation 
The comprehensive heart-cutting two-dimensional HPLC analysis of each sample 
was undertaken such that the eluent flow stream from the first dimension (200 
μL) was transferred using a heart-cutting process into the second dimension. The 
second dimension separation was completed, and then a second sample was 
injected into the first dimension. The heart-cutting process was repeated, each 
time sampling every second 200 μL portion of eluent from the first dimension. In 
total, the first dimension was sampled 33 times resulting in a total analysis time 
of 19 hours. Data plotting and calculation of peak recognition was undertaken 
using Mathematica 7. 
6.2.4 Mass Spectral Analysis 
A 6210 MSDTOF mass spectrometer (Agilent Technologies) was used with the 
following conditions: drying gas, nitrogen (5 mL/min, 350°C); nebulizer gas, 
nitrogen (30 psi); capillary voltage, 3.5 kV; vaporiser temperature, 350°C, and 
cone voltage, 65 V. All mass spectra data were handled by using MassHunter 
Qualitative Analysis software (Agilent Technologies).  
6.3 Results and Discussion 
6.3.1 UV Absorbance and Chemiluminescence Detection 
Figure 6.3.1 illustrates the two-dimensional surface plot of the separation of 
thebaine rich extract using UV-absorbance detection. The first dimension 
consists of a PFP phase and the second dimension a C18 phase. In the first 
dimension an aqueous-methanol solvent system was employed with a gradient 
of 100% aqueous to 100% methanol. In the second dimension an aqueous-
acetonitrile solvent system was employed with a gradient of 100% aqueous to 
100% acetonitrile.  
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Figure 6.3.1 Two-dimensional separation of thebaine rich extract using UV-absorbance 
detection 
 
The correlation coefficient for the two-dimensional separation employed for the 
separation of thebaine rich extract is 0.80. The retention displacement of the 
sample was effectively reduced to three primary zones within the two-
dimensional separation plane. These are listed as region A, region B and region C. 
The two-dimensional plane bound by the PFP and C18 phases displayed 
significant differences in retention behaviour both as a whole and within specific 
regions of the separation space. The compounds in region A were poorly 
separated on the first dimension (PFP column), but had much greater retention 
and subsequent separation in the second dimension (C18 column). The retention 
correlation in this region was 0.9 proving that these compounds are indeed 
separated by different mechanisms. The compounds in region B were selectivity 
separated on the PFP phase, with less separation on the C18 phase. In this region 
the correlation coefficient was 0.65 indicating that substantial differences were 
still apparent in the retention mechanisms between the dimensions. Thebaine 
was the most abundant species present in the sample, as expected and was 
found in region B. The compounds in region C were strongly retained on the PFP 
Thebaine 
                                      
         B 
A                                                     
                                                                               C          
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phase and well retained on the C18 phase. The correlation coefficient in this 
region of the separation decreased to a 0.51. The correlation coefficients in 
regions B and C seem low but this is most likely due to the fact that both 
dimensions are RP and the mobile phase composition in each dimension is 
similar, decreasing the overall correlation of the region.  However, what is 
important is that compounds that were not resolvable in either dimension 
individually can be separated with the two-dimensional system. 
In comparison to the two-dimensional separations shown in Figure 6.3.1, limited 
information about the sample can be obtained from either respective one-
dimensional separation. Figure 6.3.2 shows the separation of thebaine rich 
extract obtained on the PFP column under the condition employed for two-
dimensional separation. A continuum of sample can be seen from approximately 
5.5-15 mins, in part due to the complexity of the sample exceeding the peak 
capacity of the system. Another factor is the overloading of the column, however 
lowering the sample load still didn’t yield a separation on a uni-dimensional 
system as there are too many sample components present. 
 
 
Figure 6.3.2 One-dimensional separation of thebaine rich extract on PFP column, using 
an aqueous-methanol gradient system running from 100% aqueous to 100% methanol. 
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Figure 6.3.3 illustrates the separation on the C18 column (uni-dimensional 2nd 
dimension separations) of a heart-cut fraction from the first dimension of the 
weakly retained species on the PFP column. This heart-cut section was made at 
2.8 minutes from the PFP column and it highlights the significant changes in 
selectivity between each dimension. The chromatogram clearly shows that the 
weakly retained compounds from the first dimension are better retained in the 
second dimension, as they are eluting between approximately 5 to 10 minutes. 
 
                                             
Figure 6.3.3 Heart-cut segment separation of thebaine rich extract on C18 column at 2.8 
min 
 
Figure 6.3.4 illustrates the surface plot of the two-dimensional separation of 
thebaine rich extract using [Ru(bipy)3]2+ chemiluminescence detection. In 
contrast to the UV-absorbance detection, the literature states that an intense 
emission with the ruthenium chemiluminescence reagent is indicative of various 
analytes, which include oxalate, certain carboxylic acids, amines and amino acids, 
with relatively high concentration and/or reactivity 49, 92. As there are significant 
differences in the UV-absorbance and the chemiluminescence detection we can 
draw some conclusion about the type compounds present in the sample. These 
differences have been highlighted below in Figure 6.3.4. 
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Figure 6.3.4 Ruthenium chemiluminescence detection contour plot of thebaine rich 
extract 
 
The chemiluminescence detection enabled visualisation of compounds with 
amine groups characteristic of various opiate alkaloids that were either absent or 
of low intensity in the UV-absorbance detection mode. Therefore it is shown that 
chemiluminescence is providing complementary information about the sample 
matrix. The chemiluminescence detection exhibited sensitivity towards the range 
of compounds present in regions B and C, and was either non-responsive or less 
responsive to compounds in region A and B. The regions highlighted in Figure 
6.3.4 labelled as 1, 3 and 4 had little to no response in terms of UV-absorbance, 
but exhibited intense chemiluminescence, indicating compounds that may 
possess amines. It should be noted that compounds in regions 1 and 3 lie outside 
of the previously stated regions A, B and C, inferring the presence of further 
compounds not detected with UV-absorbance. In contrast, the compounds in 
region 2 produced an intense response in terms of UV-absorbance, but exhibited 
little to no response in chemiluminescence, indicating that these compounds 
don’t contain reactive amines or organic acid functional groups. 
                                  2 
  4 
1                                                         3 
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Through the use of two-dimensional HPLC with both UV-absorbance and 
chemiluminescence, it was possible to detect over 70 peaks in thebaine rich 
extract. Overall, the benefit of such combinations of different, complimentary 
modes of detection is significant and especially important in the analysis of 
opiate alkaloids in drug processing streams. Furthermore, the ability to detect 
potentially bio-active compounds, and the enhanced separation power of the 
two-dimensional system would enable the rapid isolation of these target 
compounds from within a complex sample matrix. This demonstrates the use of 
the developed platform with real world samples. The system can then be up 
scaled for preparative HPLC and the identification of unknown opiate alkaloids 
using NMR.  
6.3.2 Mass Spectrometry Detection 
Mass spectral analysis of compounds was employed to identify the peaks 
detected using two-dimensional HPLC with UV-absorbance and 
chemiluminescence detection. Figure 6.3.5 shows the peaks observed using mass 
spectral detection and their retention on the two-dimensional plane. The plot 
(Figure 6.3.5) shows all the peaks and separates them into 3 groups; known, 
priority and unknown. The priority group are compounds that exhibited a high 
response in MS but are unknown compounds. They are priorities due to the high 
concentration of these compounds in the matrix and the possible effects that 
they may have on current processes.  
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Figure 6.3.5 Plot of peaks detected in the PFP/C18 system using MS detection. 
 
A total of 20 peaks were identified using mass spectral analysis. Figure 6.3.6 
shows an overlay of the peaks detected that are known and their relative 
position on the UV contour plot. The plot is for illustrative purposes and the 
location of the components on the two-dimensional plot represent only the 
generalised location, and not the exact two-dimensional retention time. 
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Figure 6.3.6 Compounds identified in the PFP/C18 system                                                          
 
The 20 compounds that were identified using mass spectral analysis are listed in 
Table 6.3.1. The table includes the name of the identified compounds, their 
mass-to-charge ratio and the number corresponding to their placement in the 
two-dimensional separation. The majority of these compounds have previously 
been identified by GlaxoSmithKline. However, their identification using the 
current methodology proves that the use of two-dimensional HPLC is indeed 
advantageous and that the developed platform technology is applicable to real 
world samples.  
The current methodology was a comprehensive two-dimensional system in 
which all components from the sample mixture were subjected to two 
separation dimensions. However, if you wanted to target specific compounds 
you could use a ‘heart-cut’ approach which focuses on the chosen region in the 
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first dimension before separating it in the second dimension. These types of 
systems aim to resolve a small number of components from within a specific 
region. In such cases the separation can be optimised to resolve only the 
components that are of interest leaving behind unwanted components 98-101. This 
sort of system can also be designed for sample pre-concentration or sample 
accumulation 98. With this technology it is possible to target specific opiate 
alkaloids of interest and upscale the system for preparative HPLC studies, which 
is important in the development of novel pharmaceuticals and the removal of 
impurities.  
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Peak Compound Identified m/z 
1 Coclaurine 286.14 
2 Morphine 286.144 
3 Codeione, Oripavine or Neopinone 298.144 
4 Codeione, Oripavine or Neopinone 298.144 
5 Codeione, Oripavine or Neopinone 298.144 
6 Thebaine 312.159 
7 14-Hydroxycodeione 314.139 
8 14-Hydroxycodeine 316.154 
9 Chelanthifoline 326.139 
10 10-Hydroxythebaine or Scoulerine 328.154 
11 10-Hydroxythebaine or Scoulerine 328.154 
12 Canadine  340.154 
13 Papaverine 340.154 
14 Tetrahydrocolumbamine 342.17 
15 Laudanine 344.186 
16 Protopine 354.134 
17 Laudanosine 358.201 
18 Noscapine 414.155 
19 Narceine 446.181 
20 O-methylsomniferine 623.275 
Table 6.3.1 Identified components, their mass-to-charge ratio and the number 
corresponding to their placement in the two-dimensional separation 
 
Using mass spectral analysis a total of 105 peaks were observed in thebaine rich 
extract. It was possible to identify 20 of these compounds. A further 14 were 
classified as priority compounds due to the high intensity response in MS, and 
the remaining 72 were labelled as unknown compounds. Figure 6.3.7a and b 
shows the known compounds assigned to peaks in the PFP phase (1st dimension), 
and the C18 phase (2nd dimension) individually. This illustrates that each of the 
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dimensions, singularly, isn’t sufficient for the separation of the thebaine rich 
extract sample and that two-dimensional HPLC is indeed required. 
 
 
 
Figure 6.3.7 Known compounds assigned to peaks in the a) PFP phase, and b) C18 
phase 
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Some of the compounds identified above are difficult to assign to particular 
peaks. This is because these compounds have the same m/z and very similar 
structures, making it extremely hard to determine which compound is which 
based on their interaction with the stationary phase and their resulting elution 
order. For example, neopinone, codeinon and oripavine all have m/z 298.144 
(Figure 6.3.8). These compounds each have very subtle differences in their 
structures, and for the reasons already stated, further experimentation is 
required to confirm their elution order alone. The use standards and of 
techniques such as MS/MS or NMR would aid in the confirmation of which peak 
corresponds to which compound.  
 
 
Figure 6.3.8 Structure of neopinone, codeinon and oripavine, respectively 
 
The aim here has been to develop a platform technology for the analysis of real 
world samples using two-dimensional systems, which has been clearly 
demonstrated. However, for the remaining unknown compounds, the data 
obtained from the use of UV-absorbance, chemiluminescence and mass 
spectrometry detection will aid in their identification. The information obtained 
from UV and chemiluminescence, whether a compound does or doesn’t respond 
to a particular mode of detection, will also provide indications of the structural 
characteristics of each compound, which in turn can be linked to the mass-to-
charge ratio detected with mass spectral analysis. 
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6.3.4 Conclusions 
The data obtained with the current combination of two-dimensional 
separations (PFP and C18 phases) with UV-absorbance, [Ru(bipy)3]2+ 
chemiluminescence and mass spectrometry detection offers relevant and 
comprehensive information for chemical matrix characterisation and could 
serve as a fingerprint for the particular sample description. Overall, more 
than 105 peaks were detected, with 19 compounds being identified. This 
technique can be used to target the isolation of key alkaloids from this 
complex matrix with a relative degree of simplicity. This type of analysis also 
has the potential to simultaneously generate valuable data on the impurities 
in drug production streams and become of special importance for 
improvement and design of new novel pharmaceuticals.   
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7.1 Introduction 
Various opiate alkaloids are extracted from Papaver somniferum by a proprietary 
process involving a series of alkaline, acidic and solvent extraction procedures. 
The major alkaloids present in extracts are morphine, codeine, noscapine, 
thebaine, oripavine, papaverine and pseudomorphine, with morphine 
concentrations typically 100 times greater than the other alkaloids 48. Morphine 
(Figure 7.1.1a) is a powerful and effective analgesic used widely in modern 
medicine 39. Noscapine (Figure 7.1.1b) is the second most abundant alkaloid in 
opium, present in concentrations of 2-8%, and is usually used as an antitussive 
drug 90. Unlike morphine and codeine, noscapine has no analgesic activity or 
abuse potential, and its antitussive activity is reported to rival that of codeine 102. 
It also possesses potent antitumor activity 90. 
 
      
Figure 7.1.1 Structure of a) morphine and b) noscapine 
 
Due to the commercial importance of these drugs, methods for the 
determination and quantification of opiate alkaloids and their impurities is 
desirable 89. This is because certain alkaloids such as noscapine, oripavine and 
thebaine were originally considered to be ‘impurities’ and are now widely used in 
the pharmaceutical industry 51. As a result the identification of other ‘impurities’ 
may lead to new drug discovery and/or the improvement of current processes. In 
this work the application of the developed two-dimensional HPLC platform in 
combination with UV-absorbance, acidic potassium permanganate 
      a)                                                                b) 
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chemiluminescence and mass spectrometry detection for the characterisation of 
opiate alkaloids in morphine and noscapine drug processing streams is 
demonstrated.  
7.2 Experimental 
7.2.1 Chemicals, Reagents and Samples 
Chemicals and Reagents: The mobile phases consisted of methanol and 
deionised water which were obtained from Scharlau Chemie (Sentmenat, Spain) 
and Continental Water Systems (VIC, Australia) respectively. Analytical reagents 
were obtained from the following sources: potassium permanganate from Chem-
Supply (Gillman, SA, Australia), sodium polyphosphates from Sigma-Aldrich 
(NSW, Australia) and sulfuric acid from Merck (Kilsyth, VIC, Australia). 
Reagents: The acidic potassium permanganate reagent (5 × 10-4 M) was prepared 
by dissolution of potassium permanganate in a 1% (m/v) sodium polyphosphate 
solution and adjusted to pH 2 with sulfuric acid.  
Sample preparation: Rich extract samples were obtained from GlaxoSmith Kline 
(Port Fairy, VIC, Australia). Rich extract samples are the result of a series of 
confidential steps of extraction and purification using a series of alkaline, acidic 
and solvent extractions.  All samples prior to injection into the HPLC system were 
filtered through 0.45-μm pore filter. The noscapine rich extract was a 
morphine/noscapine mix made up of 65% morphine and 35% noscapine. 
7.2.2 Instrumentation 
All chromatographic experiments were conducted using an Agilent Technologies 
1200 series HPLC system equipped with two quaternary pumps, solvent degasser 
system, autosampler, and diode array, UV-absorbance and chemiluminescence 
detectors (Agilent Technologies, Victoria, Australia). Hewlett-Packard 
Chemstation software (Agilent Technologies) was used to control the HPLC 
system. Chromatographic separations were performed on a Phenomenex Luna 
PFP(2) 100 Å (150 mm x 4.60 mm, 5 μm, Pd) column in the first dimension, and a 
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Phenomenex Gemini 110 Å C18 (150 mm x 4.60 mm, 5 μm, Pd) column in the 
second dimension (Phenomenex, Lane Cove, NSW, Australia).   
Linear gradient conditions were employed on the PFP column, starting at an 
initial mobile phase composition of 100% water and running to a final mobile 
phase composition of 100% methanol over 10 minutes. The gradient conditions 
employed on the C18 column started with an initial mobile phase composition of 
100% water and holding at 100 % for two minutes. The gradient then ran from 
100% water to 70% water at 5 minutes and to 100% methanol at 20 minutes. The 
gradient was then held for 2 minutes at 100% methanol. The flow rate was 1 
mL/min and injection volumes in the first dimension were 100 μL. The 
chromatographic interface between the first and second dimensions consisted of 
an electronically controlled two-position ten-port switching valve fitted with 
micro-electric two-position valve actuators that allowed alternate sampling of 
the elute from the first dimension into the second dimension.  Following UV-
absorbance detection (280 nm), the HPLC column elute was sent to a 
chemiluminescence detector comprising of a T-piece and transparent reaction 
coil mounted against the widow of a photomultiplier tube in a light-tight 
housing.  
7.2.3 Comprehensive “Heart-Cutting” two-dimensional Separation 
The comprehensive heart-cutting two-dimensional HPLC analysis of each sample 
was undertaken such that the eluent flow stream from the first dimension (200 
μL) was transferred using a heart-cutting process into the second dimension. The 
second dimension separation was completed, and then a second sample was 
injected into the first dimension. The heart-cutting process was repeated, each 
time sampling every second 200 μL portion of eluent from the first dimension. In 
total, the first dimension was sampled 33 times resulting in a total analysis time 
of 19 hours. Data plotting and calculation of peak recognition was undertaken 
using Mathematica 7. 
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7.2.4 Mass Spectral Analysis 
A 6210 MSD TOF mass spectrometer (Agilent Technologies) was used with the 
following conditions: drying gas, nitrogen (5 mL/min, 350°C); nebulizer gas, 
nitrogen (30 psi); capillary voltage, 3.5 kV; vaporiser temperature, 350°C, and 
cone voltage, 65 V. All mass spectra data were handled by using MassHunter 
Qualitative Analysis software (Agilent Technologies). The mass spectral 
calibration was done in real time using the Agilent calibration mix (G2421A). In 
all cases mass spectral assignment was achieved at 20ppm or better. 
7.3 Results and Discussion 
7.3.1 Selectivity Studies 
In this work an array of stationary phases were evaluated for the separation of 
morphine and morphine/noscapine rich extract. The following five stationary 
phases: cyano, C18, NH2, PFP and a HILIC phase were examined. The test was 
performed with a mobile phases consisting of methanol, acetonitrile or 
tetrahydrofuran (THF). The chromatograms in Figure 7.3.1 (a to f) show the uni-
dimensional separations of the morphine rich extract with the various columns. 
The six chromatograms presented show variations in the features of the set of 
fifteen obtained from these experiments. The mobile phase in each case was a 
gradient of 100% aqueous to 100% organic (methanol, acetonitrile or THF), at a 
rate 10% per min followed by holding the organic phase at 100% for 2 minutes. 
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Figure 7.3.1 Characteristic chromatograms for the uni-dimensional separation of 
morphine rich extract a) C18 with methanol b) cyano with methanol c) NH2 with 
acetonitrile d) HILIC with acetonitrile e) cyano with tetrahydrofuran f) PFP with 
methanol 
 
Changes in selectivity were apparent on each column, however some performed 
significantly better than others. The HILIC column systems displayed a limited 
number of resolved peaks (for example Figure 7.3.1 d), and as a result were 
excluded from further experiments. The NH2 column systems also performed 
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poorly, with the exception of the NH2 column with acetonitrile (for example 
Figure 7.3.1 c); however, this was still less than satisfactory for future two-
dimensional HPLC applications. Consequential these columns were also excluded 
from further experiments. The cyano column with THF as the mobile phase also 
performed poorly and was excluded. The C18 column with THF and acetonitrile, 
the cyano with methanol and acetonitrile and the PFP with acetonitrile all 
performed well. These columns displayed more peaks and better separation than 
those previously mentioned. The PFP column with methanol (Figure 7.3.1 f) and 
THF and the C18 column with methanol (Figure 7.3.1 a) had the best 
performance. These chromatograms displayed numerous peaks and good use of 
the available separation space. The chromatograms for the PFP column with 
methanol and with THF were very similar, however, the intensity of the detected 
peaks in methanol was higher, and therefore it is possible that the THF solvent is 
either having an effect on the matrix or that we are looking at different 
components of the sample. As a result it was determined that the PFP column 
with methanol had the best performance of the two.   
The two remaining columns, the PFP and C18 with methanol, were determined to 
have the best performance overall. These are the same column formats used for 
the analysis of thebaine rich extract, due to the close relationship of samples 
matrices. The PFP column with methanol was employed in the first dimension 
and the C18 column with methanol was employed in the second dimension (see 
Figure 7.3.2).  The gradient conditions employed in the first dimension were 0 to 
100% methanol over 10 minutes and holding 100% methanol for 2 minutes. The 
gradient conditions employed in the second dimension began at an initial mobile 
phase composition of 100 % water and holding at 100 % for 2 minutes, then 
running from 100 % water to 70% water at 5 minutes and to 100% methanol at 
20 minutes. The gradient was then held for 2 minutes at 100 % methanol. With 
this system, approximately 70 peaks were able to be detected using UV 
absorbance. These are the same gradient conditions employed for the analysis of 
thebaine rich extract, however the mobile phase in the second dimension was 
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changed from acetonitrile to methanol, as methanol was required for the use of 
the acidic potassium permanganate chemiluminescence reagent. 
 
Figure 7.3.2 Morphine rich extract chromatograms of a) first dimension with PFP and 
methanol b) second dimension with C18 and methanol. 
 
As the noscapine sample was 65% morphine and 35% noscapine the same 
column formats, mobile phases and gradient conditions were employed for this 
separation of the morphine/noscapine rich extract (see Figure 7.3.3).   
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Figure 7.3.3 Morphine/noscapine rich extract chromatograms of a) first dimension with 
PFP and methanol b) second dimension with C18 and methanol. 
 
7.3.2 Analysis with UV absorbance and Chemiluminescence Detection 
Figure 7.3.4 a) and b) illustrates the two-dimensional surface plot of the 
separation of morphine and morphine/noscapine rich extracts using UV-
absorbance detection. The first dimension is a PFP phase and the second 
dimension is a C18 phase in each sample. In both the first and second dimension, 
an aqueous-methanol system was employed with a gradient of 100% aqueous to 
100% methanol. 
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Figure 7.3.4 Two-dimensional separation of a) morphine and b) morphine/noscapine 
rich extract using UV-absorbance detection 
 
The correlation coefficient for the two-dimensional separation of morphine rich 
extract was 0.81, and the 0.83 for morphine/noscapine proving that there are 
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significant differences in the separation mechanism of the two individual 
dimensions. The retention displacement of each of the samples was effectively 
reduced to three primary zones within the two-dimensional separation. These 
are listed as region A, region B and region C. The two-dimensional plane bound 
by the PFP and the C18 phases displayed substantial differences in retention 
behaviour within specific regions of the separation space. The compounds in 
region A, were poorly separated in the first dimension (PFP column), but had 
much greater retention and subsequent separation in the second dimension (C18 
column). The retention correlation coefficient for region A was 0.86 for the 
morphine rich extract and 0.83 for morphine/noscapine, indicating that the 
separation mechanism in each dimension was substantially different. The 
compounds in region B, were selectively separated on the PFP phase, with less 
separation on the C18 phase. The most abundant compound in the rich extract 
samples, morphine, was found amongst the compounds in region B. Noscapine 
was found in region A, and was the second most abundant species found in the 
noscapine rich extract, as expected from a sample that is 65% morphine and 35% 
noscapine. The compounds in region C, were selectively separated on both the 
PFP and the C18 phase. The correlation coefficient for both regions B and C were 
very low. This is mostly due to the fact that both dimensions are operated as RP 
and have the same mobile phase. However, it is important to note that 
compound eluting in this region are separated by difference mechanism, as 
those eluting together in one dimension are separated in the other dimension. 
Therefore the use of a two-dimensional system allows us to separate 
components that could not be separated in either dimension individually.  
Although the morphine and morphine/noscapine rich extract UV-absorbance 
plots are very similar (which is expected due to the nature of the samples), there 
are still clear differences. First and foremost, the intensity of the noscapine peak 
is greater in the morphine/noscapine mix than in the plain morphine extract, as 
predicted. However, upon further examination of both UV-absorbance plots, it 
was clear that in the morphine/noscapine mix there were more high intensity 
peaks present in region B when compared to that of morphine. There are two 
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peaks in particular that are in the morphine/noscapine mix with high intensity 
that are either absent or of low intensity in the morphine rich extract. Although 
the morphine rich extract lacks these peaks, it has other high intensity peaks in 
region C that are found with lower intensity in the morphine/noscapine mix.   
In comparison to the two-dimensional separations shown in Figure 7.3.4, limited 
information about the sample can be obtained from either respective one-
dimensional separation. Figure 7.3.5 shows the separation of 
morphine/noscapine rich extract mix on the PFP column obtained under the 
gradient conditions employed for the two-dimensional separation. This 
separation shows a continuum of sample from approximately 5.5-12 minutes, 
partly due to the complexity of the sample and the fact that the peak capacity 
has been exceeded. Another contributing factor is that, the column was 
overloaded with sample, however even at lower sample loads, there were too 
many components to yield separation in a uni-dimensional system.    
 
 
Figure 7.3.5 One-dimensional separation of morphine/noscapine rich extract mix on PFP 
column, using an aqueous-methanol gradient system running form 100% aqueous to 
100% methanol. 
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section made at 6.0 minutes from the PFP column. This highlights the significant 
changes in selectivity between each dimension. 
 
 
Figure 7.3.6 Heart-cut segment separation of morphine/noscapine rich extract mix on 
C18 column at 6.0 min 
 
Figure 7.3.7 a) and b) illustrates the surface plot of the two-dimensional 
separation of morphine rich extract and the morphine/noscapine mix using 
chemiluminescence detection. In contrast to the UV-absorbance detection, an 
intense emission with the acidic potassium permanganate chemiluminescence 
reagent is indicative of various organic analytes, including phenols, polyphenols, 
dihydroxybenzenes and indoles, with relatively high concentration and/or 
reactivity 32.  Substantial differences in the UV-absorbance and the 
chemiluminescence detection are apparent. These differences have been 
highlighted below in Figure 7.3.8. 
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Figure 7.3.8 Acidic potassium permanganate chemiluminescence detection plot of a) 
morphine rich extract and b) morphine/noscapine rich extract mix 
 
The chemiluminescence detection enabled visualisation of compounds with 
phenol group’s characteristic of various opiate alkaloids. In the 
chemiluminescence plots fewer peaks are observed compared to that of UV-
absorbance detection, however it is possible to see some medium intensity 
peaks that are undetectable by UV-absorption. Therefore, chemiluminescence 
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provided additional, complementary information about the sample matrix for 
both the morphine and morphine/noscapine rich extracts. The 
chemiluminescence reagent exhibited sensitivity towards a range of compounds 
throughout regions A, B and C. The highlighted region in Figure 7.3.8 labelled as 
2 has various compounds which respond to UV-absorbance, however it also 
exhibits other compounds that have a chemiluminescence response for both 
sample matrices. Region 1 exhibits no compounds in chemiluminescence but 
plenty in UV-absorbance, thus providing structural information about the 
compounds found in this region. Region 3 and 4 have various compounds that 
are found with both UV-absorbance and chemiluminescence detection. 
However, changes in intensity and the presence or absence of certain peaks, 
once again provides information about the structure of the compounds in these 
regions.   
Once again, due to the nature of the samples the chemiluminescence plots for 
the morphine and morphine/noscapine rich extracts are expected to be similar. 
There are, however some subtle differences. In region 3 there are various peaks 
that exhibit different peak intensities in each of the samples, and the area of 
unresolved, high intensity peaks found between 10 and 12 min in the first 
dimension, and 8 to 10 min in the second dimension, is larger in the morphine 
sample than in the morphine/noscapine sample. 
In the chemiluminescence plot there is also a high intensity peak evident in the 
solvent line (from 11-12 min in the 1st dimension and 2-3 min in the 2nd 
dimension). This peak is most likely due to the overloading of the column and 
excess, un-retained morphine reacting with the chemiluminescence reagent. 
Morphine was one of the first organic compounds determined with acidic 
potassium permanganate chemiluminescence 32, 103 and although many other 
compounds have since been examined, very few can be detected at the 
exceedingly low concentrations reported for morphine and selected other 
Papaver somniferum alkaloids 41. Morphine and a range of other opiate alkaloids 
have revealed that compounds possessing both a phenol and a furan bridge elicit 
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the greatest response from acidic potassium permanganate chemiluminescence 
32. As noscapine doesn’t possess the phenol group or the furan bridge its 
emission intensity is much less than that of morphine. In 2004, Zhang et al. 90 
used acidic potassium permanganate for the determination noscapine and found 
that although the reaction of morphine with KMnO4 differs from that of 
noscapine with KMnO4 it is still possible to elicit a small response from the latter 
90. Therefore, the low intensity emission observed for the noscapine peak is 
expected.  
The use of two-dimensional HPLC with UV-absorbance and chemiluminescence 
has allowed the determination of over 50 peaks in the morphine rich extract, and 
55 peaks in the noscapine/morphine mix. This is additional evidence to prove 
that the combination of multiple modes of detection is significant in terms of 
characterisation of a sample as a whole, and is beneficial for the analysis 
presented. 
7.3.3 Mass Spectrometry Detection 
Mass spectrometry analysis of compounds was employed to identify the peaks 
observed using two-dimensional HPLC with UV-absorbance and 
chemiluminescence detection. Figure 7.3.9 shows the peaks from the morphine 
rich extract using MS detection and their retention on the two-dimensional 
plane. The plot shows all detected peaks and separates them into 3 groups: 
known priority and unknown, where the priority group are unknown compounds 
that exhibited a high response in MS but are unknown compounds. They are 
priorities due to the high concentration of these compounds in the matrix and 
the possible effects that they may have on current processes.  
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Figure 7.3.9 Plot of peaks detected for morphine rich extract in the PFP/C18 system 
using MS detection 
 
A total of 20 peaks were identified using mass spectral analysis. Figure 7.3.10 
shows an overlay of the peaks in the morphine rich extract that are known and 
their relative position on the UV contour plot. The plot is for illustrative purposes 
and the location of the components on the two-dimensional plot represent only 
the generalised location, and not the exact two-dimensional retention time. 
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Figure 7.3.10 Compounds identified in the morphine rich extract using the PFP/C18 
system             
 
The 20 compounds identified in morphine rich extract are listed in Table 7.3.1. 
The table includes the name of the identified compounds, their mass-to-charge 
ratio and the number corresponding to their placement in the two-dimensional 
separation. 
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Peak Compound Identified m/z 
1 Coclaurine 286.14 
2 Morphine 286.144 
3 Codeione, Oripavine or Neopinone 298.144 
4 Codeione, Oripavine or Neopinone 298.144 
5 Codeione, Oripavine or Neopinone 298.144 
6 Codeine 300.159 
7 10-hydroxymorphine 302.138 
8 Thebaine 312.159 
9 14-Hydroxycodeione 314.139 
10 14-Hydroxycodeine 316.154 
11 10-Hydroxythebaine or Scoulerine 328.154 
12 10-Hydroxythebaine or Scoulerine 328.154 
13 Reticuline 330.171 
14 Tetrahydrocolumbamine 342.17 
15 Laudanine 344.186 
16 Laudanosine 358.201 
17 Cryptopine 370.165 
18 Noscapine 414.155 
19 Narceine 446.179 
20 O-methylsomniferine 623.275 
Table 7.3.1 Identified components in the morphine rich extract, their mass-to-charge 
ratio and the number corresponding to their placement in the two-dimensional 
separation 
 
Using mass spectral analysis, a total of 108 peaks were detected in the morphine 
rich extract, 20 of which were identified. A further 10 were classified as priority 
compounds due to the high intensity response in MS, and the remaining 78 were 
labelled as unknown compounds. Figure 7.3.11 a) and b) shows the known 
compounds assigned to peaks in the PFP phase (1st dimension) and the C18 (2nd 
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dimension) individually, thus clearly illustrating the co-elution of the compounds 
and the effectiveness of uni-dimensional HPLC for this separation. 
Figure 7.3.11 Known compounds assigned to peaks in the a) PFP phase and b) C18 phase 
 
As previously stated in chapter 6, some of the compounds identified above have 
the same m/z and very similar structures, making it extremely difficult to 
determine which compound is which based on their interaction with the 
stationary phase and their resulting elution order alone. In order to confirm their 
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elution order further experimentation is required; the use of techniques such as 
MS/MS or NMR would aid in the characterisation of these peaks. However, as my 
aim was the development of a platform for the use of two-dimensional HPLC 
techniques for the analysis of real world samples this is not necessary at the 
moment. 
Figure 7.3.12 shows the peaks detected for the morphine/noscapine rich extract 
mix using MS detection and their retention on the two-dimensional plane. As 
before, all observed peaks are classified as either known, priority or unknown 
compounds.  
 
 
Figure 7.3.12 Plot of peaks detected for morphine/noscapine rich extract mix in the 
PFP/C18 system using MS detection 
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A total of 19 peaks were identified in the morphine/noscapine rich extract using 
mass spectral analysis. Figure 7.3.13 shows an overlay of the peaks detected in 
the morphine/noscapine rich extract mix that are known and their relative 
position on the UV contour plot. Once again, the plot is for illustrative purposes 
and the location of the components on the plot represent only the generalised 
location, and not the exact two-dimensional retention time.  
 
 
Figure 7.3.13 Compounds identified in the morphine/noscapine rich extract mix in the 
PFP/C18 system                                                                                                
 
The 19 compounds that were identified in the morphine/noscapine rich extract 
mix using mass spectral analysis are listed in Table 7.3.2. The table includes the 
name of the identified compounds, their mass-to-charge ratio and the number 
corresponding to their placement in the two-dimensional separation. 
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Peak Compound Identified m/z 
1 Coclaurine 286.14 
2 Morphine 286.144 
3 Codeione, Oripavine or Neopinone 298.144 
4 Codeione, Oripavine or Neopinone 298.144 
5 Codeione, Oripavine or Neopinone 298.144 
6 Codeine  300.159 
7 N-methylcoclaurine  300.16 
8 10-hydroxymorphine 302.138 
9 Thebaine 312.159 
10 10-Hydroxythebaine or Scoulerine 328.154 
11 10-Hydroxythebaine or Scoulerine 328.154 
12 Reticuline 330.171 
13 Tetrahydrocolumbamine 342.17 
14 Laudanine 344.186 
15 Laudanosine 358.201 
16 Desmethylncoscpaine/Nornoscapine 400.139 
17 Noscapine 414.155 
18 Narceine 446.179 
19 O-methylsomniferine 623.275 
Table 7.3.2 Identified components in the morphine/noscapine rich extract mix, their 
mass-to-charge ratio and the number corresponding to their placement in the two-
dimensional separation 
 
Using mass spectral analysis, 19 of the 160 peaks detected in the 
morphine/noscapine rich extract mix were identified. A further 29 were classified 
as priority compounds due to their high intensity response in MS, leaving 112 
compounds to be labelled as unknown. Figure 7.3.14 a) and b) shows the known 
compounds assigned to peaks in the PFP phase (1st dimension) and the C18 (2nd 
dimension) individually. Clearly, each of the dimensions in isolation is not 
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sufficient for the separation of the morphine/noscapine rich extract sample - 
two-dimensional HPLC is indeed required. 
 
 
Figure 7.3.11 Known compounds assigned to peaks in the a) PFP phase and b) C18 phase 
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same m/z and very similar structures. Further experimentation is required to 
confirm their elution order and the use of techniques such as MS/MS or NMR 
would aid in this procedure, however my aim was purely to develop a platform 
for the use of two-dimensional HPLC techniques for the analysis of real world 
sample this was not done. 
The morphine and the morphine/noscapine rich extract mixes have many 
compounds in common and this is particularly evident in the UV-absorbance 
contour plots. In terms of the identified peaks, they both possess 17 common 
alkaloids. The morphine/noscapine sample differs from the plain morphine rich 
extract as it contains N-methylcoclaurine, but lacks 14-hydroxycodeione, 14-
hydroxycodeine and cryptopine.  
For the remaining unknown compounds, in both the morphine and the 
morphine/noscapine rich extract, the data obtained from the use of UV-
absorbance, chemiluminescence and mass spectrometry detection will aid in 
their identification. The information obtained from UV and chemiluminescence 
regarding the responsiveness of a compound to a particular mode of detection 
will also provide indications of the structural characteristics of each compound, 
which in turn can be linked to the mass-to-charge ratio determined with mass 
spectral analysis. 
7.4 Conclusions 
Comprehensive information on the chemical matrix of rich extracts has been 
obtained throught the use of two-dimensional HPLC, utilising PFP and C18 
stationary phases and multiple, complimentary modes of detection, ie, UV-
absorbance, acidic potassium permanganated chemiluminescence and mass 
spectrometry. Overall, more than 110 and 160 peaks were detected in the 
morphine and morphine/noscapine rich extracts respectively. Of these 
compounds 20 were identified in morphine rich extract and 19 in the 
morphine/noscapine mix. The information obtained from this thechnique can 
serve as an identifier for a particular sample or can be used to target the 
isolation of key alkaloids from these complex matrices with a relative degree 
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of simplicity. Therefore, it is possible to simulataneous generate valuable data 
on the impurites present in the drug production streams and the technique is 
a valuable tool in the improvement and design of new novel pharmaceuticals. 
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Chapter 8   
The use of Parallel Segmented Outlet Flow Columns for Enhanced 
Mass Spectral Sensitivity at High Chromatographic Flow Rates 
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8.1 Introduction 
The current demand for faster analysis times and higher resolution separations 
often require systems coupled with a detection method that provides both 
quantitative and qualitative data, for example HPLC-MS 104, 105. Ultra high 
pressure liquid chromatography (UHPLC) 106 and, to a certain extent, the use of 
monolithic columns 107-109 has aided in obtaining higher speed, but these gains 
are largely wasted when HPLC is coupled to MS as you can not employ such high 
flow rates without compromising the ionisation efficiency of MS 110. The ESI-MS 
detection sensitivity is limited by both the ionisation and ion transmission 
efficiency into the mass selective detector. At the liquid flow rates of many 
conventional LC separations using analytical format columns (~1 mL/min), the 
ESI-MS response is concentration-sensitive with an increase in flow rate having 
no effect on the signal 111. However, lowering the flow rate allows for smaller 
charged droplets to form resulting in an increased ionisation efficiency 110, 112.   
Post column flow stream splitting is often employed to overcome the limitations 
of speed, enabling a small aliquot of the eluent to enter the mass spectrometer. 
This process overcomes the problems associated with excessive flow into the 
mass spectrometer, however this leads to a significant reduction in sensitivity as 
only a limited amount of solute passes through the MS 113, 114. Post column flow 
stream splitting also increases dead volume, leading to a reduction in separation 
efficiency, which is less than ideal as any gains in performance are lost 106, 115. 
In 2011 Shalliker et al. 116 demonstrated the benefits of parallel segmented flow 
chromatography columns in terms of separation efficiency and in UV detection 
sensitivity. These columns were developed in order to improve separation 
performance as they are able to minimise the contributions to radial 
heterogeneity in the structure of the chromatographic bed. Parallel segmented 
flow enables the central section of an eluting band to be separated into two 
parts: a central zone, which has migrated along the column in the region of the 
bed having the highest efficiency, and a secondary zone, which contains sample 
that has eluted in the wall region of the column. As a result of this parallel flow 
segmentation, the sample that elutes from the central zone is not diluted by 
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sample tailing in the peripheral or wall zone, and a more efficient separation is 
achieved 116.  
The lack of tailing in the central zone causes an increase in sample concentration, 
and this has led to higher sensitivity in UV detection. It also shows great promise 
for other modes of detection. An added advantaged of the parallel flow stream 
splitting is that the volume of mobile phase that exits the column through the 
central zone is decreased (in proportion to the segmentation ratio) 116. For 
applications in flow limited detectors, such a mechanism of flow stream splitting 
may prove to be extremely valuable, as the columns designed for parallel flow 
segmentation provide higher separation performance than identical columns 
without that option. Therefore the flow stream splitting using parallel flow 
segmentation also overcomes the issue associated with the loss in efficiency 
following post-column flow stream splitting 116.  
The experiments to follow in this chapter investigate parallel segmented flow 
columns and their ability to provide greater separation through-put than 
conventional columns when employed in conjunction with MS detection. By 
employing parallel segmented flow columns we will be able to overcome the 
limitations of flow rate associated with mass spectral analysis. To test this a 
study on the separation of a range of amino acids using gradient elution has 
been undertaken 116.  
8.2 Experimental 
 
8.2.1 Chromatography columns 
Reversed phase Hypersil Gold chromatography columns (100 mm × 4.6 mm, 5 
μm) were supplied by ThermoFisher Scientific (Runcorn, Cheshire, United 
Kingdom). Specialised parallel segmented flow outlet fittings were made 
especially for this work by ThermoFisher Scientific. These fittings were designed 
to fit existing ThermoFisher Scientific columns. Details of these fittings are shown 
in Figure 8.3.1 and are described in detail in 116 
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8.2.2 Chemicals and reagents 
All mobile phases were prepared from HPLC-grade solvents purchased from 
Merck (Kilsyth, Victoria, Australia). All chemicals were commercially available. 
The amino acid standards alanine, cysteine, histidine, isoleucine, glutamine, 
glycine, leucine, phenylalanine, proline and tryptophan were purchased from 
Sigma–Aldrich (Castle Hill, New South Wales, Australia).  Milli-Q water (18.2 MΩ 
cm−1) was prepared in house and filtered through a 0.2 μm filter. Standards of 
the amino acids were prepared in mobile phase at a concentration of   1 × 10-3 M 
and diluted when necessary. 
8.2.3 Chromatographic separation 
Chromatographic experiments were undertaken on an Agilent 1200 series 
analytical HPLC system, comprising of a degasser, binary pump and autosampler 
(Agilent Technologies, ForestHill, Vic., Australia). Analysis was conducted under 
gradient elution conditions starting from an initial mobile phase composition of 
100% water (0.1% v/v formic acid), running to a final mobile phase composition 
of 100% methanol (0.1% v/v formic acid), with a gradient of 20% per mL. The 
injection volume was 2 μL.  
8.2.4 Mass Spectra 
An Agilent Technologies 6210 MSD TOF mass spectrometer was used in positive 
ion modes for mass spectral analysis. Analysis conditions: drying gas nitrogen (7 
L/min, 350°C), nebulizer gas nitrogen (30 psi), capillary voltage 3.0 kV, vaporiser 
temperature 350°C, and cone voltage 60 V. MS data acquisition was carried out 
using Agilent MassHunter Workstation Acquisition for TOF/Q-TOF (B.02.00 
(B1128)) and data analysis carried out using Agilent MassHunter Qualitative 
Analysis (Version B.03.01). 
8.3 Results and Discussion 
Parallel segmented flow chromatography was tested in HPLC-MS applications by 
conducting a series of analyses that compared separation performance using 
conventional HPLC columns and parallel segmented flow columns, operated at 
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various segmentation ratios. These analyses were conducted on amino acid 
standards and sports drinks.  
At the heart of parallel segmented flow is a specially designed end-fitting that 
allows sample exiting the column to be proportioned between different regions 
of the column. Figure 8.3.1 is an illustration of a chromatography column that is 
fitted with an outlet parallel segmented flow end-fitting and frit.  
 
 
Figure 8.3.1 Illustration of the parallel segmented flow end fitting attached to a Hypersil 
Gold reversed phase C18 column (100 x 4.6 mm, 5 μm), reproduced from reference 116. 
 
As described by Shalliker et al. 116 the frit contained within the head fitting is 
annular, whereby a central section is separated from an outer portion by a solid, 
impermeable ring. Cross flow between the separated radial sections of the frit is 
therefore not possible and hence mobile phase and solute that flow down the 
central section of the column is separated from the mobile phase and solute that 
elutes near the wall. The frit is housed in an outlet fitting that has multiple exit 
ports, which facilitates the separation of flow between the central section and 
the wall section of the column. In the design used here there were four exit 
ports, three in the peripheral or wall region and one in the central zone. In the 
present study, the mobile phase that exited the column from the central zone 
was processed through a mass spectrometer. The ratio of flow between the 
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central and wall regions (segmentation ratio) could be adjusted simply by 
regulating the pressure in any of the respective outlet ports by (for example) the 
addition of different lengths of tubing at each port117. Two distinct advantages 
are apparent in applications that employ parallel segmented flow 
chromatography: (1) There is generally an increase in separation efficiency and 
(2) there is a decrease in the volume load to detection devices. The decrease in 
volume is proportional to the segmentation ratio 116. 
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Figure 8.3.2 Separation of the standard amino acid mixture on a) a conventional 
Hypersil Gold reversed phase C18 column and b) a parallel segmented flow column 
with a 40 % split ratio. Both columns were analytical scale (100 x 4.36 mm, 5 μm). 
Elution order: (A) proline, (B) arginine, (C) cystine, (D) valine, (E) methionine, (F) 
tyrosine, (G) lyecine, (H) phenylalaine and (I) tryptophan. 
 
 
Figure 8.3.2a is a total ion chromatogram (TIC) of the standard amino acid 
mixture that was separated using gradient elution on a conventional Hypersil 
Gold C18 HPLC column. The separation was undertaken at a flow rate of 0.5 
mL/min with all eluent flow passing through the MS. Figure 8.3.2b shows a 
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typical separation of the amino acid mixture using a parallel segmented flow 
column, operating with 40% of the flow exiting through the central region of the 
column and passing into the MS (all other conditions were the same as for the 
conventional HPLC column, i.e., total volume through-put was 0.5 mL/min). A 
more detailed explanation of the concept and process of parallel segmented flow 
can be found in reference 116. With 40% of the flow exiting the column from the 
central zone the total volumetric flow through to the mass spectrometer was 
reduced to 0.20 mL/min. Two things are of note in comparison of these 
separations in Figures 8.3.2a and 2b: (1) The retention times between both 
modes of operation are coincident. This occurs because the flow through both 
columns was exactly the same, only the portion of flow through the MS varied 
between each mode of operation, and the extra post-column dead volume was 
small enough such that there was no detectable change in migration time 
through this tubing. (2) The peak intensity in the parallel segmented flow mode 
of operation was greater than for the conventional mode of operation. This 
comes about for two reasons: Firstly, the flow through the mass spectrometer 
was less when segmented flow mode was applied and sensitivity increases 
inversely with flow rate. Secondly, the segmented mode of operation extracts 
from the column the most concentrated region of the band 116. This has the 
added advantage that separation efficiency is also improved as shown by the 
narrower peak profiles – see the overlay of tryptophan in Figure 8.3.3a, and also 
the improved separation of the components eluting at around 2.5 minutes Figure 
8.3.3b. 
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Figure 8.3.3 a) Overlay of tryphtophan on a convential Hypersil Gold reversed phase C18 
column (solid line), a parallel segmented flow column with a 40 % split ratio (dashed), 
both columns were analytical scale (100 x 4.36 mm, 5 μm). 
 
 
Figure 8.3.3 b) Overlay of the standard amino mix (first 5 minutes) on a conventional 
Hypersil Gold reversed phase C18 column (solid line), a parallel segmented flow column 
with a 40% split ratio (dashed), both columns were analytical scale (100 × 4.6 mm, 5 
μm). Amino acids as per Figure 8.3.2. 
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A benefit of parallel segmented flow is that the segmentation ratio between the 
central elution zone and the peripheral or wall elution zone can be optimised to 
suit the detection requirements117. For example, by changing the relative 
pressure drop between the central and peripheral zones 116, the amount of 
mobile phase eluting from the central zone was reduced to 15% of the total flow 
through the column. Thus, 0.075 mL/min was loaded into the MS. At this 
segmentation ratio the sensitivity in the MS detection was still greater than 
when 100% of the sample was passed directly to the MS, as shown in Figure 
8.3.4 (compared to Figure 8.3.2a).  
 
 
 
Figure 8.3.4 Separation of the standard amino acid mixture a parallel segmented flow 
column with a 15% split ratio, analytical scale column (100 × 4.6 mm, 5 μm): Elution 
order as per Figure 8.3.2. 
 
 
The benefit of parallel flow segmentation is therefore apparent in two-ways; (1) 
the reduced flow through the MS, as apparent in the illustration of peak volume 
at the three segmentation ratios employed (Figure 8.3.5), and (2) the extraction 
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of the sample from the most concentrated region of the sample band – the 
central section. This increase in sensitivity was despite the fact that 85% of the 
mobile phase (containing sample that eluted in the peripheral zone) was sent to 
waste.  
 
Figure 8.3.5 Comparison of the peak volume for tryptophan on the conventional 
column, and the parallel segmented flow columns with split ratios of 40% and 15%. 
 
 
The fact that the sensitivity did not decrease at this very low segmentation ratio 
infers two very significant advantages: (1) the mass of solute entering the MS is 
decreased, hence ultimately leading to less MS contamination and therefore 
improved longer-term operation in a cleaner MS environment - a benefit that is 
particularly important for instruments used by multiple users across different 
facets of chemistry. (2) Since the volume load to the MS is reduced as the 
segmentation ratio decreases (less mobile phase from column centre; Figure 
8.3.5) flow through the column can be increased in order to decrease the total 
analysis time – a factor that is limited when total flow through the column is 
directed to the MS. This leads to another, less obvious advantage of parallel 
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segmented flow: as chromatography columns are prepared with smaller and 
smaller particle sizes, the minimum height equivalent to a theoretical plate is 
located at higher reduced velocities – that is, at higher volumetric flow rates. As 
a consequence, these columns (particle sizes less than 5 μm) should be operated 
at flow rates of ~0.8 mL/min and upwards as the particle size decreases further, 
so as to avoid elution influenced by longitudinal diffusion. In many instances, 
such operation is limited by the MS facility and/or, the mobile phases required in 
the separation (aqueous environments), and may necessitate post-column flow 
stream splitting, which further degrades separation efficiency and, in part 
negates the benefits of high efficiency columns 117. For example, Figure 8.3.6 
shows the amino acid separation at a volumetric flow rate through the column at 
0.5 mL/min when a parallel segmented flow column was operated with a 40% 
segmentation ratio (bold trace), compared to that of a conventional column 
operating with post-column flow stream splitting such that 40% of the mobile 
phase was directed to the MS (dashed trace). In both cases, 0.2 mL/min of the 
mobile phase entered the MS. From this chromatographic data it is evident that 
the efficiency of the parallel segmented flow mode of operation was far superior 
to that of the conventional mode of operation, and this also contributed to the 
increase in sensitivity (by 2 to 2.5 fold) for the parallel segment mode of 
operation.  
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Figure 8.3.6 Parallel segmented flow (40% through column centre) at 0.5 mL/min total 
flow through column (purple) and post column split (40% to MS) at 0.5 mL/min through 
column (green). 
 
Given that parallel segmented flow modes of operation allow for a reduction in 
solvent entering the MS, higher flow rates through the column can thus be 
employed, without over-burdening the MS. The chromatograms in Figure 8.3.7 
for example, illustrate the separation of the standard amino acid test mixture at 
flow rates through the column of 1.5 mL/min (solid line) and 2.5 mL/min (dashed 
line).  
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Figure 8.3.7 Chromatogram illustrating the separation of the standard amino acid test 
mixture at flow rates through the column of 1.5 (solid line) and 2.5 mL/min (dashed line) 
respectively, with segmented ratio of 15 %. 
 
In these separations, the segmentation ratio was 15% elution from the central 
zone, and therefore 0.225 and 0.375 mL/min entered the MS. A decrease in 
sensitivity was observed (by a factor of 5 at 2.5 mL/min), but in the case of the 
separation at 2.5 mL/min with a 15% segmentation ratio, the throughput was 
five times faster compared to that obtained at 0.5 mL/min (Figure 8.3.2a). 
As a measure of comparison in sensitivity and time, the separation of the amino 
acid standard test mixture was undertaken at a flow rate of 0.2 mL/min (Figure 
8.3.8), to compare similar volumetric through-put to the MS, as that shown in 
Figure 8.3.7 (2.5 mL/min, 15% segmentation ratio – flow to MS slightly less than 
0.2 mL/min). Under these conditions the sensitivity was approximately twice that 
of the segmented mode of operation at 2.5 mL/min, but the analysis time was 
more than 10 times longer. Hence, if sensitivity is not a limiting factor, the high 
through-put aspect of segmented flow enables fast MS analysis. If sensitivity is 
important, then segmented flow can be operated at low flow rates, as in 
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conventional HPLC-MS, but with a segmentation ratio to further enhance the 
limit of detection. 
 
 
Figure 8.3.8 Chromatogram illustrating the separation of the amino acid test mix on a 
conventional column (Hypersil Gold reversed phase C18 (100 x 4.6, 5 μm)) operated at 
0.2 mL/min total flow through mass spectrometer. 
 
In Figure 8.3.9 the signal intensity (EIC peak area) for phenylalanine when 
analysed using a conventional mode of operation (purple) is compared to the 
analysis using a segmentation ratio of 40% through the column centre (green). 
Over the concentration range of three orders of magnitude an interesting trend 
is observed: the signal intensity for the 40% segmentation ratio increased 
relative to the signal intensity of the conventional mode of operation as the 
concentration of the phenylalanine decreased. Firstly, it is important to note that 
the maximum signal intensity was observed at the highest concentration (0.001 
M), which in ESI-MS is generally considered to be ‘quite concentrated’ 118, 119. As 
the sample concentration approached that more commonly associated with ESI-
MS samples (0.0001 M) the analysis employing a 40% split ratio was far superior. 
This suggests that parallel segmented flow chromatography has great potential 
to aid sensitivity in HPLC-MS. However, to fully realise the functional gain that 
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these new column formats may realise will necessitate further work to 
understand the process of signal optimisation. Even so, in this preliminary work, 
signal intensity near the limits of detection (LOD) using parallel segmented flow 
columns was 25 times superior to that for the conventional mode of operation.  
 
 
Figure 8.3.9 Comparison in signal intensity verses concentration for extracted ion 
chromatograms of phenylalanine, conventional column (purple) parallel segmented flow 
column (40 % segmentation ratio)(green). 
 
The parallel segmented flow column has the potential to be easily incorporated 
into a standard chromatographic platform for routine analysis, as essentially the 
column media itself remains unchanged from that of the conventional column. 
Hence, standard operating procedures need not be changed, although flow rates 
can be increased to facilitate faster analysis. To investigate this aspect, two 
sports drinks that contain amino acids were analysed. In order to investigate the 
applicability of maintaining excellent levels of sensitivity while using the high 
flow rates on a real world samples, flow rates of 1.5 mL/min and 2.5 mL/min 
were used with a split ratio of 15% mobile phase eluting from the column centre. 
0 
1000000 
2000000 
3000000 
4000000 
5000000 
0.001 0.0001 1E-05 
In
te
ns
ity
 
Concentration 
 154 
 
2 
The total ion chromatograms generated for Musashi Workout (Figure 8.3.10a 
and b) and for the Musahi Amino H2O (Figure 8.3.10c and d) can be observed. 
 
 
Figure 8.3.10 Analysis of sports drinks, Musashi Workout (a and b) and Musashi Amino 
H2O (c and d) at flow rates of 1.5 mL/min (a and c) and 2.5 mL/min (b and d). Amino 
acids: (A) proline, (B) valine, (C) methionine, (D) tyrosine, (E) leucine and (F) threonine. 
 
Eleven amino acids have been identified in the Musahi Workout and the Musashi 
Amino H2O (arginine, glycine, isoleucine, leucine, phenylalanine, lysine, histidine, 
tyrosine, valine, threonine and methionine) with the extracted ion signal 
intensity of each similar at both flow rates. A significant gain in separation time 
was achieved at 2.5 mL/min in each case, highlighting the applicability of the 
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column to achieve ESI-MS detection at flow rates that are much higher than 
conventionally feasible. 
8.4 Conclusions 
Parallel segmented flow chromatography was used here for the first time in 
LCMS. The advantages of this technique over conventional LCMS are: (1) 
Increased through-put in sample analysis. Parallel segmented flow reduced the 
volume load to the MS. As a result, columns could be operated at high flow rates, 
and this decreased the separation time. LCMS analysis was thus not restricted by 
the MS. (2) Increased sensitivity. Parallel segmented flow yielded greater 
sensitivity than conventional systems at the same volumetric column through-
put. This was evident against conventional systems, both when the entire mobile 
phase entered the MS and when post column flow stream splitting was 
employed. (3) Increased efficiency. The ability to undertake LCMS analysis 
without post column flow splitting avoided the need for detrimental post column 
tubing. Also, since in parallel segmented modes of operation, the central region 
of an eluting band is essentially cut from the bulk sample distribution, the dilute 
trailing region of a peak is not sampled (unlike conventional chromatography). 
(4) A reduction in sample load to the MS. Since less of the sample enters the MS 
for the same level of sensitivity as in conventional LCMS, a cleaner MS 
environment is maintained. 
 
The work from this chapter can been seen summarised in the publication 
entitled: The use of parallel segmented flow columns for enhanced mass spectral 
sensitivity at high chromatographic flow rates 117. 
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9.1 Conclusions  
Uni-dimensional HPLC is a well established technique which has been applied to 
the analysis of real world samples in various fields 5, 53, 54, 120. However, in some 
cases, especially those involving complex biological matrices, uni-dimensional 
HPLC separations cannot provide sufficient resolving power for the separation of 
target components 36. Multi-dimensional HPLC is a proposed method to solve the 
limitations of uni-dimensional HPLC in terms in peak capacity and the available 
separation space. The principal advantage of two-dimensional HPLC is that it can 
provide a greatly enhance peak capacity, under dimensions which have divergent 
retention behaviour, in comparison to one dimensional HPLC 34, 55, 57. This is 
provided that the two-dimensional system employs orthogonal dimensions. 
In this thesis the use of multi-dimensional separation and detection systems is 
explored and a protocol for the analysis of complex biological matrices has been 
developed. In order to maximise the practical peak capacity of a system the 
operating conditions must be carefully measured and optimised. The most 
reliable way to measure selectivity differences is to employ the sample itself 
during the testing phase to ensure selectivity changes are truly reflected in the 
separation of the sample. In chapter 2 the selectivity of a complex sample 
derived from natural origins was investigated. In this chapter the focus was on 
general selectivity differences rather than specific functional differences and to 
illustrate this process the separation of “Ristretto” espresso coffee on a number 
of π-selective stationary phases employing two-dimensional HPLC techniques 
with selectivity detection was assessed.   
Through these selectivity studies it was determined that the cyano phase 
presents the greatest overall selectivity difference with respect to the C18 phase 
and was therefore applied to the  two-dimensional analysis of the espresso 
coffee samples. The gradient conditions employed were the same for both the 
first and second dimension. The gradient was an aqueous-methanol system that 
ran from 0 to 100% methanol at a rate of 10 % per min.  With this system 138 
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components were observed using UV absorbance and 21 compounds were 
identified using mass spectrometry. 
In chapter 3 espresso coffees were evaluated in terms of their antioxidant 
capacity and a comparison was made using uni-dimensional HPLC with two 
simultaneous on-line antioxidant assays. Comparison of the three coffee samples 
based on permanganate chemiluminescence or DPPH˙ decolourisation assay 
showed a degree of similarity to that observed with UV-absorbance. Examination 
of the antioxidant profile of coffee using HPLC with an on-line ABTS˙+ assay 
demonstrated that caffeine did not exhibit antioxidant activity and that the 
overall antioxidant profile of the ‘Decaffeinatto’ coffee sample was similar to 
those of the ‘Gold’ and ‘Ristretto’ samples (rich in compounds that responded to 
both on-line assays) and it is therefore likely that the decaffeinated coffees have 
similar positive effects on human health. 
In chapter 4 the application of two-dimensional HPLC in combination was UV-
absorbance and chemiluminescence detection was demonstrated in order to 
characterise the key antioxidants in espresso coffees. A comparative study was 
undertaken that tested three types of café espresso coffees. It was determined 
that the combination of 2D separations with UV-absorbance and acidic 
potassium permanganate chemiluminescence detection offers relevant and 
comprehensive information for chemical matrix characterisation. In terms of the 
number of peaks detected in both modes of detection, the Decaffeinatto sample 
has the least (‘weakest’ strength of the coffee brews). The strongest of the 
coffee brews, Ristretto, had the most number of peaks visible in the 
chromatograms obtained using UV-absorbance detection, but the Volluto sample 
had more peaks present when chemiluminescence detection was used. 138, 88 
and 68 peaks were detected for ‘Ristretto’, ‘Volluto’ and ‘Decaffeinato’ with UV-
absorbance, respectively and 65, 56 and 44 peaks were detected with 
chemiluminescence. 
In chapter 5 a new type of sample is employed and as a result it was necessary to 
conduct selectivity studies to optimise the conditions of the two-dimensional 
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system required for the separation of the chosen sample. These studies were 
conducted on thebaine process streams supplied by GlaxoSmithKline’s Port Fairy 
Plant (Victoria). Through these selectivity studies it was determined that the PFP 
phase showed the greatest overall selectivity with a C18 phase in the second 
dimension. The optimal gradient conditions in the first dimension were 0 to 
100% methanol over 10 minutes and holding 100% methanol for 2 minutes. The 
optimal gradient conditions in the second dimension was starting with an initial 
mobile phase composition of 100 % water and holding at 100 % for two minutes, 
then running from 100 % water to 70% water at 5 minutes and to 100% 
acetonitrile at 20 minutes. The gradient was then held for 2 minutes at 100 % 
acetonitrile.  
In chapter 6 these optimised conditions were employed using two-dimensional 
HPLC with UV-absorbance and chemiluminescence detection. 70 peaks were 
detected in thebaine rich extracts. With the use of mass spectrometry detection 
105 peaks were detected with 19 of these compounds being identified 
highlighting the importance of comprehensive detection systems.  
Following on from the work with thebaine rich extracts, morphine and noscapine 
rich extracts were also analysis with two dimensional reversed phase-reversed 
phase two dimensional HPLC with UV-Absorbance, chemiluminescence and mass 
spectrometry detection. In chapter 7 selectivity studies are conducted for the 
analysis of these samples and it was determined that the optimal gradient 
conditions in the first dimension were 0 to 100% methanol over 10 minutes and 
holding 100% methanol for 2 minutes. The optimal gradient conditions in the 
second dimension was starting with an initial mobile phase composition of 100 % 
water and holding at 100 % for two minutes, then running from 100 % water to 
70% water at 5 minutes and to 100% methanol at 20 minutes. The gradient was 
then held for 2 minutes at 100 % methanol.  
With the combination of two-dimensional HPLC with UV-absorbance and 
chemiluminescence detection 50 and 55 peaks were detected in morphine and 
the morphine/noscapine rich extracts. With the aid of mass spectrometry 110 
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and 160 peaks were detected in the morphine and the morphine/noscapine rich 
extracts with 20 of these compounds identified in morphine rich extract and 19 
in the morphine/noscapine mix. 
Overall, the data obtained through the combination of multidimensional 
separation and detection systems offers comprehensive information for chemical 
matrix characterisation. This technique can also be used to target and isolate key 
compounds from complex matrices with a relative degree of simplicity.  
Following on from this study, the use of parallel segmented flow columns were 
investigated as a solution to the limitations of speed of analysis in HPLC-MS and 
UHPLC-MS systems. The flow rate limitations of mass spectrometry require a 
compromise in chromatographic flow rate, which in turn reduces throughput 
causing a reduction in efficiency when using modern columns. This restriction is 
usually combated through post-column splitting of the flow prior to the mass 
spectrometer; however this results in loss of sensitivity and efficiency. A new 
chromatographic column format know as ‘parallel segmented flow’ which 
involves the splitting of eluent flow at the column outlet end fitting was tested 
on and in LCMS system. Using parallel segmented flow, columns flow rates as 
high as 2.5ml/min where employed in the analysis of amino acids without post-
column splitting to the mass spectrometer. Furthermore, when parallel 
segmented flow columns were employed, the sensitivity was more than twice 
that of conventional systems with post-column splitting when the same volume 
of mobile phase was passed through mass spectral detector. 
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